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EXECUTIVE SUMMARY 
This study reveiws the resource impacts o f  the proposed s a t e l l i t e  power system 
(SPS). Three classes o f  resource impacts are considered separately: c r i t i c a l  
mater ia ls ,  energy and land use. The analys is  focuses on the r e q u i r e r m t s  asso- 
c i a ted  w i t h  the annual development o f  two f ive-g igawat t  s a t e l l i t e s  and the asso 
c i a ted  rece iv ing  f a c i l i t i e s .  
CRITICAL MATERIALS 
I 
A review of SPS mater ia ls  l i t e r a t u r e  reveals  several problems, inc lud ing:  (1 )  1 
a narrow d e f i n i t i o n  o f  the universe o f  mater ia ls  t o  be considered; (2)  an absensq 
o f  cons is tent  summarization; ( 3 )  inadequate d e f i n i t i o n  o f  mater ia ls  w i t h  respect i 
t o  p u r i t y ,  special appl icat ions,  o r  physical  dimensions; and (4) no d i s t i n c t i o n  i 
between raw mater i a l  s requfrements and manufacturing capaci ty  needs. 
A h i gh l y  s i m p l i f i e d  screening model i s  developed and appl ied t 3  determine which ; 
o f  the 22 mater ia ls  l i s t e d  f o r  the SPS could pose p o t e n t i a l l y  s i g n i f i c a n t  supply ' 
problems. The resu l t s  o f  t h i s  e x p l i c i t l y  i l l u s t r a t i v e  e f f o r t  i nd ica ted  t h a t  1 
w i t h  both s i  1 icon and gal 1 ium photocel l  a r ray  opt ions, there were two i terns, mer-1 
cury 2nd tungsten, which appear t o  pose such problems. Under the ga l l i um op t ion  
two more mater ials,  ga l l i um and s i l v e r ,  q u a l i f i e d  as po ten t i a l  c r  d e f i n i t e  prob- '1 
lems. Addi t ional  manufacturing capaci ty  may be a problem for:  hydrogen, syn- 
t h e t i c  sapphire, arsenic, and graphi te.  I 
A three-phase approach t o  c r i t i c a l  mater ia ls  eva luat ion i s  proposed. The f i r s t  
phase i s  e x p l i c i t l y  a screening mode. The b r i e f  second phase subjects i n i t i a l 1 3  
unc lass i f i ab le  mater ia ls  t o  nzcessary add i t iona l  primary research. The t h i r d  
phase i s  an in-depth evaluat ion o f  the surv iv ing  " c r i t i c a l  " mater ia ls .  Reju i re-  
ments f o r  i n i t i a l  screening include: expanded d e f i n i t i o n  o f  the mater ia ls  un i  - 
verse; be t t e r  d e f i n i t i o n  of mater ia ls ;  a systematic approach i ~ v o l v i n g  both 
quan t i f i ed  and judgmental thresholds; and sensi t i v i  t y  analysis.  The in-depth 
evaluat ion e f f o r t  should cover: p ro jec t ions  o f  supply and reserves ; analys is  o f  
cu r ren t  and pro jected non-SPS demands and po ten t i a l  f o r  subs t i t u t i on ;  po ten t i a l  
technological  change; and p r i ce  e l a s t i c i t y .  
More re f i ned  estimates o f  mater ia ls  requirements are no t  needed i n  the i n i t i a l  
screening s ta te  espec ia l l y  i f  uncer ta in ty  to leracces are given. Be t te r  de f i n i  - 
t i o n  i s  probably more important. 
ENERGY ANALYSIS -
Estimat ing the energy requirements o f  the SPS i s  an exercise i n  what has come t o  
be c a l l e d  energy analys is  o r  energy modeling. Single-valued f igu res  o f  m e r i t  
e.g., ne t  energy r a t i o s ,  are o f  l i m i t e d  value wi thout  a de ta i l ed  treatment of 
the amount and types o f  component energies required. The major methodologies 
are: process analysis;  input-output analys is  ; eco-energetics ; and "hybr id" pro- 
cess and input-output analys is  which i s  the ind ica ted  choice f o r  the SPS. The 
methodology selected f o r  the SPS should permit  s t ra ight forward comparison t o  
o ther  energy technologies. SPS energy requirements may be an important pub l i c  
and l e g i s l a t i v e  issue, despi te  the  lack o f  consensus OF methodology o r  ph i loso-  
ph ica l  v a l i d i t y .  S ign i f i can t l y ,  t h i s  i s  the on ly  resource area which has been 
BLANK PAGE 
EXECUTIVE SUMMARY 
(Continued) 
studied by experts unrelated t o  the SPS design-evaluation e f f o r t .  i 
The e a r l i e s t  o f  three published s tud ies o f  SPS energy requirements (PRC) i s  base4 
so le l y  on input-output analys is  and demonstrates the problems i n  using broadly 
def ined economic sectors. The two other  s tud ies (Herendeen and JPL) r e l y  heav i l  
on energy- intensi  t y  estimates, though o f  r a the r  d i f f e r e n t  types. Accounting 
f o r  i n d i r e c t  energies i s  acknowledged t o  be a s i g n i f i c a n t  problem. This 1 i t e r a -  I 
t u re  review po in ts  up four  important issues: (1) the "dynamic" consequences o f  1 
the SPS program i n  which, though each i nd i v i dua l  p l a n t  has a h igh p o s i t i v e  ener- 
gy r a t i o ,  h igh i n i t i a l  energy requirements create a p ro t rac ted  energy d ra in  dur- 
i n g  the i n i t i a l  years o f  operation; (2 )  f o r  the SPS the  " fuel- included" energy 
r a t i o  and the "fuel-excluded" r a t i o s  a re  the same. wh i le  f o r  a l l  f u e l  technolo- i 
g ies the fue l - inc luded energy r a t i o  i s  always less  than 1 ; (3)  the  j o i n t  problem 
o f  uncer ta in t ies  i n  energy- in tens i ty  estimates and i n  SPS performance estimates; 
and (4 )  the need t o  t r ans la te  t a rge t  cos t  reduct ions i n  d o l l a r  terms f o r  key SPS 
components i n t o  pro jected energy cos t  reduct ions. 
Deta i led primary process analys is  i s  recomnended f o r  elaborate and/or h igh tech- 
nology elements o f  the  program, e.g., so la r  c e l l  f ab r i ca t i on .  Use of published 
mater ia l  energy- intensi  t i e s  o r  spec i f i c  energy data i s  recomnended when the pro- 
cess analys is  has progressed t o  the  p o i n t  where f ~ r t h e r  analys is  r e l a tes  t o  
homogenecus mater ia l  a and we1 1 studied processes. Pol i c y  decis ions are needea 
w i t h  respect t o  the treatment o f  uncer ta in t ies ,  the modular izat ion o f  the energy 
analysis,  and the i n teg ra t i on  of c r i t i c a l  mater ia ls  and energy analyses. 
LAND USE 
The primary impact o f  SPS opewt ions  on land use w i l l  be the massive land requ i -  
rements f o r  60 rectenna s i tes .  Each s i t e  w i l l  requ i re  approximately. 200 kmi (80 
square mi les) .  This estimate includes a microwave b u f f e r  zone f o r  which no def -  
i n i t i v e  s ize  has been established. The nlajor problem i s  not  how much land rec- 
tennas w i l l  use but  where they can be located since there are so many cons t r z i n t  
on the s i t i n g  o f  rectennas. 
S i t i n g  studies t o  date apply a se t  o f  c r i t e r i a  i n  a constrained mapping exercise 
t o  i d e n t i f y  spec i f i c  candidate locat ions.  A sharply con t ras t ing  approach i s  use 
i n  t h i s  paper t o  i d e n t i f y  and measure "e l  i g i b i e  areas" r a the r  than t o  loca te  can 
d idate s i t es .  I n  coordinat ion w i t h  the Rice Un ivers i t y  I n i t i a l  I d e n t i f i c a t i o n  
o f  E l i g i b l e  Areas study, computer mapping techniques are used t o  d isp lay  and 
measure d i f f e r e n t  combinations o f  example exc lus ion c r i t e r i a  . Among those var ia -  
b les which appear s i g n i f i c a n t l y  t o  l i m i t  the e l i g i b l e  area are:  f lydays o f  m i -  
g ra to ry  w i l t f o w l  , land i n  o r  su i tab le  f o r  c u l t i v a t i o n ,  thunderstorms, l a t i t u d e  
no r th  of 40 , and seismic hazards. Comparing the d i s t r i b u t i o n  o f  e l i g i b l e  areas 
t o  1985 power demand and energy imports suggests t h a t  the North Central and 
Northeast regions of the U .S. wi 11 be subs tan t i a l l y  underrepresented. Several 
kejf s i t i n g  issues i n  need of reso lu t ion  include: b e t t e r  data on microwave e f -  
fec ts ,  po ten t i a l  for  offshore s i t i n g ,  r i g i d i t y  o f  costs, several c l imato log ica l  
issues, and the need fo r  some fu r t he r  examination of the  pure ly  l oca l  s i t i n g  
c r i t e r i a .  
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INTRODUCTION 
The U.S. Department 9 f  Energy and the  Nat ional  Aeronautics and Space Adminis- 
t r a t i o n  are i nves t i ga t i ng  a po ten t i a l  new source of energy c a l l e d  the  S a t e l l i t e  
Power System (SPS) . The SPS concept invo lves p lac ing  a sate1 1 i t e  equipped w i t h  
a l a rge  so la r  c e l l  a r ray  i n  o r b i t  around the  ear th .  The zr rays c o l l e c t  l i g h t  
energy from the sun, convert  i t  t o  e l e c t r i c i t y  and then t o  microwaves, beam the  
microwaves by a t r ansm i t t i ng  antenna on the  s a t e l l i t e  t o  a r ece i v i ng  antenna 
on the  ground. The rece i v i ng  antenna (rectenna) changes t he  microwaves back 
i n t o  e l e c t r i c i t y  t o  be fed  d i r e c t l y  i n t o  t he  u t i l i t y  network. Both the sate1 - 
l i t e  and the  rectenna a re  on the  order  o f  100 km2 i n  s i ze  and t h e  system i s  
designed so t h a t  each rectenna w i l l  p rov ide 5,000 Mk (5  GW) t o  the  u t i l i t y  g r i d .  
Inev i tab ly ,  development o f  such a system w i l l  have far-reaching e f f e c t s  on soc i -  
e ty .  This system can be expected t o  have subs tan t ia l  resource impacts. The 
l a rge  mass of  the s a t e l l  i tes  themselves (36,000-50,300 met r i c  tons), the  l a r g e  
resource demands invo lved i n  launching t he  requ i red  mate r ia l s  i n t o  o r b ~ t  and 
assembl i ng  the  sate1 1 i te, the  product ion o f  s a t e l l  i t e  components, e .g. , so la r  
c e l l s ,  on a massive scale, and the subs tan t ia l  land and mate r ia l s  requirements 
o f  the rectenna f a c i l i t y ,  w i l l  a l l  con t r i bu te  t o  these resource impacts. Space 
launch p rope l lan t  requirements, much o f  the f a b r i c a t i o n  e f f o r t ,  and many o f  the  
mate r ia l s  t o  be used a re  h i gh l y  energy in tens ive.  Consequently development of 
the SPS w i l l  make s i g n i f i c a n t  demands on U.S. energy resources. 
The subject  o f  t h i s  paper i s  the resource impact o f  development of the SPS. 
I n  t h i s  context ,  resources a re  considered i n  th ree  categor ies : c r i t i c a l  mater- 
i a l s ,  energy, and land. Not a l l  o f  t he  mate r ia l s  requi red f o r  c k  t '~prnent o f  
the SPS w i l l  be " c r i t i c a l . "  Notwithstanding the massive demar t h i s  pro- 
gram, some mate r ia l s  are i n  su f f i c i en t13  p l e n t i f u l  supply so . '  ;v?n the  SPS 
program w i  11 no t  create shortages o r  product ion problems. T n t i f i c a t i o n  
o f  which, among the many SPS mate r ia l s  pequirements, may be . .dered as 
" c r i t i c a l "  i s  i t s e l f  a major e f f o r t .  
The energy requirements o f  t he  SPS need t o  be estimated and then re l a ted  t o  the  
energy outpgt  o f  t he  SPS. Such "net energy andlys is"  i s  mandated by law and 
may, under c e r t a i n  circumstances, provide a usefu l  bas is  f o r  comparing the  
SPS t o  o ther  proposed power generat ion technologies. 
The land use requirements o f  t he  SPS der i ve  p r i m a r i l y  from the  need f o r  l a rge  
land areas f o r  rectenna s i t es .  The modest add i t i ona l  land requirements f o r  
space launch f a c i l i t i e s  are no t  considered as p a r t  o f  t h i s  study. A t o t a l  o f  
60 s i t e s  f o r  5-GW rectennas could r s q u i r e  as much as 12,000 km2 (3 m i l l i o n  
acres) o f  1 and area. The apparent topographic requirements and po ten t i a l  prob- 
lems created by extensive microwave transmission f u r t h e r  exacerbate the  prob- 
lem by l i m i t i n g  the  po ten t i a l  areas i n  which rectenna s i t e s  can be located. 
ORGANIZATION OF THE REPORT- 
Each o f  the  three classes o f  resources considered i n  t h i s  paper ( c r i t i c a l  mater- 
i a l s ,  energy, and land) i s  t rea ted  i n  a separate sect ion o f  t h i s  r epo r t .  To 
some extent ,  these sect ions i r e  independent sub-reports. For each o f  the three 
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classes o f  resources, t h i s  white paper presents : (1 ) an introductory statement 
including orgmization o f  the study e f fo r t ;  (2) a review of recent l i t e ra tu re  
on SPS impacts i n  the resource ares considered; (3) a recomnended approach t o  
further systematic study o f  the problem; and (4) a l i s t  o f  references that  
apply speci f ical ly  t o  the topic under study. 
A t  the conclusion o f  the report a series o f  appendices are provided containing 
detailed information not included i n  the main text.  These appendices are 
followed by l imi ted set o f  general references which apply t o  the SPS as a whole 
and which were used throughout the report. 
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I. CRITICAL MATERIALS 
1-1. INTRODUCTION 
Background and General Purpose 
The stdted ob jec t ive  o f  t h i s  pa r t  o f  the study was t o  survey and sumnarize study 
efforts t o  date which t r e a t  the problem o f  SPS c r i t i c a l  mater ia ls  and t o  i d e n t i -  
fy current research needs. To accomplish t h i s  study, the Statement of Work 
i den t i f i ed  three tasks: (1 ) assemble and analyze relevant l i t e r a t u r e ;  (2 )  con- 
cur ren t ly  establ ish a 1 i s t  o f  questions tha t  must be answered t o  determine the 
societal  impact o f  the SPS; and (3 j determine where unanswered questions e x i s t  
and suggest 317 approach t o  answering them. 
I n i t i a l  analysis o f  these tasks suggested tha t  there were f i v e  dimensions t o  the 
problem : 
1. Defining ( l i s t i n g )  the universe o f  mater ia ls  t o  be evaluated. 
2. Establ ishing the approximate annual requirements o f  the SPS pmgram i n  
a sumnary form su i tab le  f o r  comparison t o  pub1 ished data on production, 
resources, and reserves. 
3.  Col lect ing o r  a t  l eas t  establ ish ing the a v a i l a b i l i t y  o f  published data 
on production, resources, and reserves. 
4 .  Establ ishing, o r  def in ing how t o  establ ish, c r i t e r i a  f o r  determining 
which materials are " c r i t i c a l " .  
5. Ind ica t ing  a procedure o r  approach t o  fu r the r  in-depth evaluat ion o f  
c r i t i c a l  mater ials.  
I n i t i a l l y ,  i t  was hoped tha t  the f i r s t  two elements described above, e.g., 
defining the universe o f  mater ials and establ ish ing SPS quant i t ies,  were already 
done and could be abstracted from the ex i s t i ng  l i t e r a t u r e .  Subsequent ef for ts  
could then be devoted Lo the l a s t  three items. 
Redef in i t ion o f  Study Scope 
- 
I n i t i a l  e f for ts  a t  assembling a l i s t  of candidate materials and approximate an- 
nual requirements were based on the two separate space center concepts presented 
i n  January 1978 (References S2 and S14).1 Just as the data assembly was com- 
pleted, the part ial ly-merged reference concept f o r  the SPS was presented by the 
two NASA centers on July  13 (Reference S15). Short ly  thereafter,  the c l i e n t  
indicated tha t  there was a major pa ra l l e l  c r i t i c a l  mater ia ls  e f f o r t  under way 
a t  Pacif ic Northwest Laboratories o f  B a t t e l l e  Memorial I n s t i t u t e  (Reference 9) .2  
On the c l i e n t ' s  inst ruct ions,  f u r the r  work on establ ish ing the materials uni -  
verse 2nd i n i t i a l  quant i t ies was postponed pending resu l t s  from the Pac i f i c  
Northwest Laboratories (PNL) e f f o r t .  
References prefaced by an "S" are general references t o  the SPS which are 
l i s t e d  a t  the end o f  the e n t i r e  report .  
Other references, i d e n t i f i e d  w i th  numbers only, are 1 i s ted  a t  the end o f  t h i s  
section. 
- 
Unfortunately, meaningful data from PNL on the S?S was not forthcoming. It 
became apparent by the end o f  Ju ly  t ha t  any attempt t o  r e f i n e  materials estimates 
i n  a form sui table f o r  processing by the PNL computer model was c l e a r l y  pre- 
mature. The problems o f  approximation inherent i n  ind iv idua l  space center 
estimates of the reference concept for SPS were compounded i n  the merged concept 
presented on July  13. Subsequent discussion w i t h  PNL, Johnson Space Center, and 
the c l i e n t  indicated t h a t  more ref ined estimates would not be avai lab le w i th in  
the time frame established f o r  the white pa3er. 
As a r e s u l t  of t h i s  development, the white paper study e f f o r t  was redesigned t o  
become an i l l u s t r a t i v e  prototype o f  the i n i t i a l  c r i t e r i a  screening process. The 
primary purpose here i s  t o  focus on what i s  a general method o f  determining which 
SPS mater ials w i l l  be " c r i t i c a i "  and t o  i den t i f y ,  a t  l eas t  h igh ly  ten ta t ive ly ,  
some of the problems i n  c iass i f i ca t i on .  
I Organization o f  the Report 
The balance o f  t h i s  sect ion o f  the repor t  i s  d iv ided i n t o  eleven parts. I n  
Section 1-2 imnediately fo l lowing t h i s  introduct ion, the object ives of the re- 
defined study e f f o r t  are presented. The method o f  app~oach and l i m i t i n g  assump- 
t ions  are discussed i n  Section 1-3. Current ly ava i lab le  research on SPS mate- 
/ r i a l s  requirements i s  reviewed i n  Section 1-4. 
I 
I 
A prototype materials c lass i f i ca t i on  scheme i s  presented and suimnarized i n  i 
Section 1-5, while Section 1-6 provides a review o f  ind iv idua l  component I i materials. The general features o f  a three-phase approach t o  t h i s  problem are 
described i n  Section 1-7. The fo l lowing three sections (1-8, 1-9, and 1-10) 
discuss the three phases o f  the recomnended apprqach. : 
i 
The concluding section o f  the repor t  deals w i th  me sensi t ive issue o f  the need 
f o r  be t te r  mater ials estimates f o r  the SPS. 
1-2. OBJECTIVES OF THE REDEFINED STUDY 
I n  zdd i t ion  to  the l i t e r a t u r e  review sumnarized l a t e r  i n  t h i s  report ,  the primary 
focus o f  the study e f f o r t  was t o  develop a prototype model. Six key object ives 
were established i n  the development o f  t h i s  prototype model: 
I 1. A prel iminary c l a s s i f i c a t i o n  o f  c r i t i c a l i t y .  I 2. I d e n t i f i c a t i o n  o f  de f i n i t i ona l  problems. 
3. I d e n t i f i c a t i o n  o f  p a r t i c u l a r l y  sensi t i v e  data prol)lrms. 
4. An i n i t i a l  e f f o r t  a t  segregating raw and bulk mater ial  considerations 
from considerations o f  manufacturing and processing capacity . 
I d e n t i f i c a t i o n  and development o f  appropriate c r i t e r i a  f o r  def ining, i n  
operational terms, various tes ts  o f  " c r i t i c a l  i ty." 
a framework f o r  an expanded study. 
The development o f  a framework f o r  expanded study encompasses several important 1 
elements. Perhaps the most important of  these i s  t o  expand the un ivetse of  
mater ia ls  considered t o  assure t h a t  i n d i r e c t  mate r ia ls  requirements a re  a l so  
considered. The need for  a ztaged approach t o  f u r t h e r  s t ~ d y  i s  another key 
element, as i s  cons iderat ion of what t o  d3 w i t h  those mater ia ls  t h a t  a re  
c r i t i c a l .  
1-3. METHOD OF APPROACH AND LIMITING ASSUMPTIONS 
-- 
Use o f  Simp1 i f i e d  C lass i f i ca t i on  
I n  the prototype SPS mater ia l  r screeninq model , on ly  f i v e  general categor ies 
have been developed. These are de l  i berate ly  on ly  quasi-quanti t a t i v e .  Nei ther  
the t ime o r  scope o f  the e f f o r t  permit ted the development o f  r e f i n e d  categor ies 
of the type used, fo r  example, i n  the PNL study (Reference 9). F u r t h e m r e ,  
re f ined  categor ies may not  be needed a t  the screening l e v e l .  The major purpose 
here i s  on1 y t o  i l l u s t r a t e  a screening process. A general ized l o g i c a l  approach 
t 3  increasing " c r i t i c a l i t y "  i s  used ra the r  than any prec ise gradient.  
Fccus on Current Production and Resources -
The i n i t i a l  screen appl ied t o  each mater ia l  was i t s  r e l a t i onsh ip  t o  cur ren t  ! 
domestic production and/or shipments. Th.lre were several reasons f o r  t h i s .  One I 
obvious reason i s  t h a t  if the annual requirements of the SPS can be accomnodated 
i n  present product ion capac-ities o r  represents a small p ropor t ion  o f  cu r ren t  I 
domestic shipments, i t  seem very u n l i k e l y  t h a t  t h i s  would become d p a r t i c u l a r  I problem twenty- f ive years from now. O f  course, t h i s  i s  t o  some ex ten t  cont ingent , 
on reserves and resources. On the other  hand, any ca re fu l  cons iderat ion o f  I 
reserves and the much less  we1 1 defined category of "resources" i s  c l e a r l y  beyond 
t h i s  analys is  and i s  subject  t o  a great  deal of controverry.  There i s  a t  l e a s t  
r e l a t i v e  agreement on what cons t i tu tes  domestic p roduc t ion  and shipments. 
Universe of Mater ia ls  L imi ted t o  July 13 Reference Concept 
-- -.- ----.-. -
In the NASA b r i e f i n g  o f  Ju l y  13, a l i s t  of  annual mate r ia ls  requirements was 
p r o v i d ~ d  fo r  the SPb based on two f ive-gigawatt  s a t e l l i t e s  per year. This l i s t  
showed mater ia ls  needed fo r  both s i l i c o n  and ga l l i um opt ions. These opt ions 
r e f e r  t o  two a l t e r n a t i v e  designs of the so la r  (pho tovo l ta ic )  c e l l  a r ray  t o  be 
constructed i n  space, one using s i l i c o n  as the primary element i n  the  a r ray  and 
the other  using ga l l i um arsenide. The mater ia ls  on these two l i s t s  comprise 
the mater ia ls  universe t o  be considered i n  t h i s  prototype exercise. 
Since the analys is  i s  l i m i t e d  t o  the Ju l y  13 b r i e f i n g  l i s t ,  mate r ia ls  used dur ing 
the design, development, test ing,  and evaluat ion phase were excluded. Further-  
more, no treatment was provided i n  t h i s  1 i s t  of secondary o r  t e r t i a r y  requirement: 
I n  many cases the  1 i s t  was given i n  terms of the spec i f i c  component elements 
ra ther  than the bu lk  mater ia ls  from which those elements a re  extracted. For 
the most p a r t  no attempt was made t o  est imate t he  i n d i r e c t  o r  bu lk  mater ia ls  
requirement. One notab le exception t o  t h i s  was aluminum f o r  which much o f  the  
analys is  i s  done i n  terms o f  the primary resource ore, bauxite. Furthermore, no 
attempt was made t o  examine o r  disaggregate the categories i d e n t i f i e d  on tha t  
1 i s t  as "miscellaneous. " 
i 
I 
Other Major L imi tat ions 
Throughout t h i s  prototype analysis no consideration was given t o  e i t h e r  current 
o r  projected pr ices nor was there any attempt t o  examine p r i ce  e l a s t i c i t y .  
No extended o r  systematic e f f o r t  was made t o  consider pro ject ions of e i t h e r  pro- 
duction c r  reserves through the time o f  i n i t i a l  SPS operations (approxhate ly  
the year 2000). Some a t ten t ion  was given t o  fu tu re  reserves i n  the context of 
where they were located. Import dependency i n  i t s e l f  was not a c r i t i c a l  param- 
e ter  but import dependency on specif Scal l y  sens i t i ve  countr ies i s  considered 
a t  a very general i zed leve l  . 
I-. CURRENTLY AVAILABLE RESEARCH ON SPS MATERIALS 
Pre-1978 Sources 
For the n m t  part, resource and c r i t i c a l  mater ials analyses developed p r i o r  t o  
1978 are la rge ly  i r re levant .  The reference o r  "baseline" concepts developed 
p r i o r  t o  the beginning o f  t h i s  year d i f f e r  s i g n i f i c a n t l y  from the current refer-  
ence concept. These var iat ions are i n  such c r i t i c a l  areas as the t o t a l  number 
o f  sa te l l i t es ,  the number o f  s a t e l l i t e s  and/or generating capacity t o  be i n -  
s ta l l ed  each year, the s t a r t  date, and the underlying technology o r  design. It : 
i s ,  however, in te res t ing  t o  note tha t  most pre-1978 materials t ha t  d i d  present 
mater ials l i s t s  had many serious problems. Some o f  these problems continue t o  
characterize cur ren t ly  avai lab le sources on the SPS. Most notable i s  a lack o f  , 
consistency i n  de f in i t ion .  I n  some cases, SPS materials were presented only  f o r  I 
the s a t e l l i t e  i t s e l f  whi le  i n  other cases a l l  system components, inc luding space 
transportation, rectennas , etc . , were apparently considered. , 
Reference t o  back-up data, p a r t i c u l a r l y  back-up data used f o r  the January 1978 1 
br ie f i ng  provided l i t t l e  i f  any enlightenment. I n  these much more voluminous ! 
! sources-the major problem was an absence of aggregation. While mater ial  quan- 
t i t i e s  were frequently but not un iversa l l y  provided f o r  ind iv idual  system com- 
p o ~ c ~ t s  and sub-components, they were nowhere sumnarized except i n  the br ie f ing.  
PNL "Solar Technology" Stud1 
I n  March 1978, Battel  l e  Pac i f i c  Northwest Laboratories pub1 ishcd a study e n t i t l e d  
"A Methodology f o r  Ident i fy ing  Materials Constraints t o  the Implementation o f  
Solar Technologies" (Reference 9). This study, which was subsequently updated 
i n  Ju ly  1973, presents a h igh ly  sophist icated methodology f o r  addressing mater- 
i a l  s requi remnts.  This methodology i s  presumably based on extensive p r i o r  
analysis and a voluminous and deta i led data base. It employs a computer mcdel 
which undertakes a form o f  process analysis t o  i d e n t i f y  not only  primary mater- 
i a l s  requiremer~ts but also secondary and t e r t i a r y  mater ials requirements, care- 
f u l l y  d is t ingu ish ing  between raw materials and bulk materials. 
While the  PNL study may represent the  s t a t e  o f  the  a r t  i n  t he  app l i ca t i on  of 
mate r ia l s  analys is  t o  so l a r  technology, i t  i s  no t  c l e a r  t h a t  t he  PNL model i s  ! 
an appropr ia te  t o o l  f o r  an i n i t i a l  screening analys is  of  t he  c r i t i c a l  mate r ia l s  
requi red f o r  the SPS. 
F i r s t  o f  a l l ,  the  paper deals e s s e n t i a l l y  w i t h  t e r r e s t r i a l  so l a r  technology. X t  
does t r e a t  i n  some depth t he  mate r ia l  requirements associated ~ i t h  p h a r ~ i v o l t a i c  
s o l a r  processes, inc lud ing  an analys is  of ga l l i um  c e l l s .  I t  does not ,  however, 
deal i n  any way w i t h  space t ranspor ta t ion .  Nor i s  i t  c l e a r  whether the  ga l l i um  
o r  s i l i c o n  photoce l l  technology discussed i n  the  paper i s  the  same as o r  even 
comparable t o  the  technology proposed f o r  the  SPS. 
Even if the scope o f  the PrlL study were expanded t o  inc lude  a l l  aspects of the ' 
SPS, there e x i s t  some impcrtant methodological questions. 
The use o f  such an e laborate  computer-based model may represent "over engineer ing";  
i n  the  case o f  i n i t i a l  screening t o  de f i ne  c r i t i c a l  mate r ia l s .  A s impler  method- j 
o logy might represent a savings i n  t ime and e f f o r t .  Furthermore, t he  acqu is i t i on , '  
reduct ion,  and eva luat ion of e laborate  p r o j e c t i v e  data i s  a t ime consuming and I con t rovers ia l  process. I t  may be des i rab le  t o  ae fe r  t h a t  process and apply  i t  I 
on ly  t o  those mate r ia l s  t h a t  warrant i t .  
The somewhat mechanist ic nature o f  the PNL computer model presents c e r t a i n  prob- 
lem: f o r  the SPS analys is .  Automatic and more o r  less  un ive rsa l  assumptions 
are made w i t h  respect t o  the  expansion of domestic prdduct ion capac i t i e s  (e.g., 
ten percent per year ) .  Furthermore, comparably un i  versa1 asstrmpt ions a re  made 
as t o  the r e l a t i o n s h i p  between cur ren t  "known" reserves and f u t u r e  t o t a l  
"resources". Resources a re  assumed t o  be some m u l t i p l e  of reserves even i n  t he  
absence o f  any publ ished data. While h i s t o r i c a l l y ,  resources have turned ou t  
t o  be much l a r g e r  than reserves o f  petroleum, f o r  example, the re  i s  no assurance 
t h a t  the same r e l a t i o n s h i p  w i l l  apply t o  a l l  o r  w e n  most o f  t he  SPS mate r ia l s .  
F i n a l l y ,  the very nature o f  the  PNL computer-based model forces a l l  f i nd i ngs  
i n t o  a formal q u a n t i t a t i v e  hierarchy. While i t  may be argued t h a t  t h i s  reso lves 
the problem o f  "operat ional  i z i n g "  the d e f i n i t i o n  o f  " c r i t i c a l  ", t h i s  i s  no t  
necessar i ly  des i rab le .  There should be oppor tun i t y  i n  any c l a s s i f i c a t i o n  f o r  
the i n t r oduc t i on  o f  judgments; o r  l o g i c a l  elements t h a t  are no t  r e a d i l y  quant i -  
f i a b l e .  
The foregoing reservat ions w i t h  respect t o  t he  PNL model 's a p p l i c a b i l i t y  t o  the  
SPS apply p r i m a r i l y  t o  i t s  use i n  an i n i t i a l  screening process. I t  may w e l l  be 
t h a t  the  PNL methodology i s  much more su i t ed  t o  the  d e t a i l e d  eva lua t ion  o f  sur -  
v i v i n g  mater ia ls ,  p a r t i c u l a r l y  i f  i t  i s  supplemented by some q u a l i t a t i v e  eva l -  
uat ion.  Nei ther  the sccpe o f  t h i s  wh i te  paper nor the  exper t i se  o f  i t s  authors 
warrant any c r i t i c a l  eva luat ion o f  e i t h e r  the  assumptions o r  the data base 
imp1 i c i  t i n  the model. 
The PNL study provided a very valuable supplementary data base and checkpoint f o r  
the  proto type analys is  developed i n  t h i s  wh i te  paper and the author wishes t o  
ackncwledqe the substant ial  assistance i t  afforded. 
Recent JPL Study of the SPS Mater ials 
Jet Propulsion Laboratory, under contract  t o  NASA Johnson Space Center, pub1 
I 
I 
shed 
a aocum&nt e n t i t l e d  "sate1 1 i t e  Power Systems (SPS) : A ~ r e l  ;minary ~essu rce  
Assessment" (Reference 11 ) i n  August 1978. This document was received too l a t e  
f o r  extensive review and deta i led incorporat ion i n t o  t h i s  white paper. Never- 
theless, a b r i e f  review o f  the paper d i d  provide the basis f o r  ce r ta in  obser- 
vations. 
Once again the problem of the changing d e f i n i t i o n  o f  the SPS program rears i t s  
head. The "nominal system" used as an SPS reference concept i n  t h i s  repor t  i s  
taken from a 1976 NASA document prepared by the Johnson Space Center e n t i t l e d  
" I n i t i a l  Technical , Environmental , and Economic Eva1 uat ion o f  Space Solar Power 
Concepts". The concept described i n  t ha t  reference d i f f e r s  i n  several import- 
ant respects from the "reference concept" used i n  t h i s  study. The number o f  
s a t e l l i t e s  was o r i g i n a l l y  112, scaled down t o  48. These were 10 GW sate1 1 i tes 
representing a t o t a l  cspacity of 480GW as opposed t o  300 i n  the reference con- 
cept. Although the annual r a t e  o f  construct ion seems t o  have been about the 
same, i - e . ,  10 GW, t h i s  i s  not al together c lear  since i n  the o r i g ina l  112- 
s a t e l l i t e  program, the annual r a t e  would have been much higher. Furthermore, 
the JPL reference concept includes assembly i n  low ear th o r b i t  (LEO) rather  
than i n  GEO (geosynchronous o r b i t )  as i n  the reference concept used for t h i s  
white paper. Even a non-technical review of the numerous changes tha t  have 
occurred i n  the reference concept since 1976 raises serious questions as t o  the 
appl i cab i  1 i t y  o f  tho materials assessment derived from tha t  era t o  the reference 
concepts being used now. 
Notwithstanding t h i s  serious poss ib l i t y  o f  inconsistency, there are several va l -  
uable features i n  the JPL analysis. This analysis i s  much more e x p l i c i t l y  con- 
cerned w i th  the j o i n t  treatment o f  resource requirements and energy require- 
ments. The modular treatment o f  various system components i n  the-  JPL analysis 
i s  very c lear  and i t  does provide the c ruc ia l  intermediate step o f  summarizing 
annual mater ial  requirements by major system components. One problem of a 
minor nature i s  t ha t  the sumnaries tend t o  be expressed i n  mater ials requirements 
per megawatt per year. It i s  not c lear ,  without extensive fur ther  de ta i led  
analysis, whether these estimates can be converted on a per megawatt basis t o  
the current reference concept. Any attempt t o  convert these estimates t o  the 
present concept without f u r the r  analysis would seem c l e a r l y  unwarranted, given 
the substant ial  changes which may have occurred i n  the SPS concept. I n  addi- 
t ion,  since the JPL analysis i s  based on the Johnson concept only, no consider- 
a t i on  i s  given t o  mater ials requirements associated w i t h  the gal l ium opt icn. 
A b r i e f  review o f  t h i s  publ icat ion a lso indicates tha t  i s  i t  primaril; devoted 
t o  est imating requirements rather  than t o  assessing whether those requirements 
JSC 11 568, Vol . I - Sumnary, NASA Lyndon B. Johnson Space Center, Houston, 
TX, August 31, 1976. 
are  i n  some sense " c r i t i c a l " .  
Furthermore, the  r epo r t  i t s e l f  acknowledges t h a t  "not a l l  of the resources 
necessary f o r  the product ion f a c i l i t i e s  were evaluated." This i s  s i m i l a r  t o  the 
1 i m i t a t i o n  o f  much o f  the e x i s t i n g  requirements data f o r  the SP5 i n  t h a t  i t  does 
no t  deal w i t h  secondary o r  t e r t i a r y  e f fec ts .  
Other Recent SPS References 
--- 
A review of the SPS b ib1 iography and i n q u i r i e s  w i t h  informed sources d i d  rsveal  
three o ther  recent references re l a ted  t o  c e r t a i n  aspects of t he  mate r ia l s  r e -  
quirements o f  the SPS. One o f  the most notab le  o f  these was the  recent study 
by Ar thur  D. L i t t l e  Inc.  e n t i t l e d  "Evaluat ion o f  Solar Ce l l s  and Arrays for  
Po ten t ia l  Solar Power Sate1 l i t e  Appl i ca t i ons "  (Reference 10).  This pub1 i c a t i o n  , 
dated March 1978, i s  r e s t r i c t e d  p r i m a r i l y  t o  a cons iderat ion o f  t he  s o l a r  c e l l s  
but  i t  does address i n  some d e t a i l  the p a r t i c u l a r  problems created by the 
ga l l i um  concept. These problems de r i ve  from the very l i m i t e d  product ion of 
ga l l i um 'n r e l a t i o n s h i p  t o  the subs tan t ia l  rec;r!:rements associated w i t h  t he  SPS. 
One o f  the  ch ie f  bene f i t s  o f  the Ar thur  D. L i t t l e  study i s  i n  i t s  treatment of 
the  p re requ is i tes  f o r  extensive so la r  c e l l  development i n  the  i e c t i o n  e n t i t l e d  
" I n d u s t r i a l  Involvement i n  the  Manufacturing o f  So lar  Ce l l  s/Arrays f o r  t he  SPS 
Program." This sec t ion  provides v i r t u a l l y  the on l y  de ta i l ed  ana lys is  of the 
e x t r a c t i o n  and processing requirements associated w i t h  s o l a r  c e l l  mate r ia l s .  
Uniquely among the resources reviewed fo r  t h i s  study, t h i s  r e p o r t  discusses 
present product ion capac i ty  , reviews b r i e f l y  the technology o f  production, iden- 
t i f i e s  approximately the  u n i t s  i n  which product ion o r  e x t r a c t i o n  a re  l i k e l y  t o  
expand, and s p e c i f i c a l l y  references the  na t iona l  o r i g i n  o f  c r i t i c a l  mate r ia l s .  
This reference proved inva luable  i n  the cu r ren t  research i n  t h a t  i t  spec i f ies  
the l e v e l  o f  p u r i t y  o r  type o f  an element. As noted below, i t  i s  almost useless 
t o  descr ibe " s i l i c o n "  w i thou t  knowing the  l e v e l  o r  grade o f  s i l i c o n  ref inement 
requi red f o r  the  photoce l ls .  It may be t h a t  o ther  references presume t h i s  
knowledge bu t  i t  i s  nowhere made expl  i c i t  . 
The coverage of the  Ar thur  D. L i t t l e  study i s  l i m i t e d  i n  t h a t  i t  does no t  deal 
w i t h  space t ranspor ta t ion ,  space assembly, e tc .  On the  " ther  hand, t h i s  study, 
probably more than any other  reviewed, provides a model o f  the  type o f  i n f o r -  
mation which should be provided i n  any attempt t o  screen t h e  un iverse of mater- 
i a l s  requirements f o r  those which a re  c r i t i c a l .  
Addi t iona l  Recent Data on SPS Requirements 
Subsequent t o  the  J u l y  13 b r i e f i n g  i n  which the  "merged" re ference concept was 
presented, attempts were made t o  c o l l e c t  add i t i ona l  data from both B a t t e l l e  
Pac i f i c  Northwest Labs and Johnson Space Center on mate r ia l s  requirements. 
The on l y  matn r ia l  received from B a t t e l l e  deal ing s p e c i f i c a l l y  w i t h  t h e  SPS was 
based no t  on t he  merged concept bu t  r a the r  on the  p r i o r  Johnson Space Center 
concept and was dated May 1978. It described a 10-gigawatt s a t e l l i t e  p ro  ram 
and referenced, r a the r  cu r ious ly ,  a 1985 i n i t i a l  date. (See Reference 3. 
For these and othe, reasons, t h i s  admi t ted ly  p re l im inary  d r a f t  was no t  
3 
incorporated i n  t t  IS wh i te  paper. Not on ly  was there  no treatment of t he  ga l l i um 
op t ion  bu t  the author (R. Watts) e x p l i c i t l y  noted t h a t  most recent  design changes 
had no t  been incorporated. 
E f f o r t s  were a lso  made t o  ob ta in  more d e t d i l e d  mate r ia l s  requirements l i s t s  
for  the  merged reference concept. The r e s u l t s  o f  t h i s  e f f o r t  produced a data 
submission by the Johnson Space Center ( ~ e f e r e n c e  14) which su f fe red  from prob- 
lems t y p i c a l  of much of the  p r i e r  informat ion.  Namely, t he  estimates were given 
i n  terms of per u n i t  requirements o f  t he  var ious un ' t  components such as the  
HLLV (Heavy L i f t  Launch veh ic le ) ,  the  COTV (Cargo O r b i t a l  Transfer Vehic le) ,  e t c  
Elaborate ca l cu l a t i ons  w i t h  respect t o  use, 1 i f e ,  and requirements per sate1 1 i t e  
were needed i f  i n  f a c t  a re1 i a b l e  est imate o f  requirements per year were t o  be 
no t  r e a d i l y  
presumably 
estab l  ished. Since t ime was 1 i m i  ted and para1 l e i  informat ion w8s 
ava i l ab l e  f o r  t he  ga l l i um  opt ion,  i t  was decided t o  s tay  w i t h  the  
mutua l ly  cons is tent  l i s t s  o f  mate r ia l s  provided ;l the J u l y  13 b r  
1-5. PROTOTYPE MATERIALS CLASSIFICATION SCHEME 
i e f i n g .  
Se lect ion o f  Data Base f o r  Comparison 
This i 11 u s t r a t i v e  protoiJ.pe c l a s s i f i c a t i o n  scheme was designed t o  present a 
p re l  iminary "screening" model f o r  i d e n t i f y i n g  which SPS mater ia l  s were " c r i t i c a l  ". 
The i n i t i a l  and major premise i n  t h i s  ana lys is  was t h a t  any mate r ia l  f o r  which 
SPS annual requirements represented l ess  than 10 percent of cu r ren t  produccion 
o r  shipments was presumably no t  a c r i t i c a l  mate r ia l .  This presumption was qual-  
i f i e d  on ly  w i t h  respect t o  t he  very h i gh  dependency on imports from sens i t i ve  
count r ies .  
This del  i be ra te l y  simp1 i s t i c  premise permi t ted the assembly o f  a minimal l y  ade- 
quate data base w i t h i n  the ava i l ab l e  time. The data base was r e s t r i c t e d  p r i -  
m a r i l y  t o  domestic product ion o r  shipments w i t h  f u r t h e r  in fo rmat ion  adduced as 
needed on domestic reserves and resources. The percentage o f  mate r ia l s  imported 
and the primary count r ies  from which they were imported were a lso  i den t i f i ed .  
To a l a rge  extent,  the depth i n  which questions o f  import dependency and fu tu re  
reserves were considered was a func t ion  o f  data a v a i l a b i l  i ty ra the r  than a sys- 
temat ic attempt t o  t r e a t  a l l  mate r ia l s  i n  t he  same d e t a i l .  
The foregoing 1 im i t a t i ons  o f  t h i s  data base and the  approach used a re  themselves 
somewhat reveal  ing. To the  extent  t h a t  mate r ia l s  can be screened ou t  meaning- 
f u l l y  w i t h  a l i m i t e d  data base, i t  may be q u i t e  des i rab le  i n  min imiz ing the  
obv ious ly  extensive and cont rovers ia l  problems invo lved i n  es tab l i sh i ng  the  
" d e f i n i t i v e "  estimates f o r  any mate r ia l .  This more arduous e f f o r t  can be appro- 
p r i a t e l y  reserved f o r  those mate r ia l s  which emerge as " c r i t i c a l  ". 
Categories o f  " C r i t i c a l  iw 
Theore t i ca l l y ,  a c r i t i c a l  mate r ia l  f o r  product ion o f  t he  SPS i s  any mate r ia l  f o r  
which the  annual andlor  cumulative demands o f  SPS production, according t o  the  
c u r r e n t  re ference concept, would present a s i g n i f i c a n t  supply o r  product ion 
problem f o r  the  U.S. economy a t  the  t ime o f  product ion.  
The foregoing d e f i n i t i o n  has a l l  the r i g o r  and ref inement o f  such bureaucrat ic  
term, as "reasonable and proper", " f a i r  and j u s t " ,  e tc .  There i s  a need f o r  
some more operat iona l  d e f i n i t i o n  o f  what cons t i t u t es  a c r i t i c a l  mate r ia l .  
I n i t i a l l y ,  such d e f i n i t i o n  should prov ide f o r  d i f f e r e n t  l e v e l s  of c r i t i c a l i t y  
s ince i t  may no t  be obvious how " c r i t i c a l "  a p a r t i c u l a r  mate r ia l  i s .  Some s o r t  
o f  g r a d i e n t  i s  c l e a r l y  needed. 
To address t h i s  issue, the  proto type ana lys is  used f i v e  categcr ies .  The f i r s t  
of these, i d e n t i f i e d  as "No Apparent Problev," r e f l e c t s  those mate r ia l s  f o r  wh 
SPS demands represent l ess  than 10 percent o f  annual recent  product ion o r  sh ip  
ment l eve l s .  
i c h  
- 
The second category i s  designated as "High Demand-No Apparent Problem i n  Expan- 
s ion."  SPS annual requirements f o r  mate r ia l s  i n  t h i s  category represent over 
10 percent of recent annual product ion bu t  t he  1 i ke l  ihood o f  a supply problem 
seems t o  be remote because o f  some combination o f  r e a d i l y  ava i l ab l e  imports,  
known changing technologies, o r  apparent p o t e n t i a l  s u b s t i t u t i o n .  
The t h i r d  l e v e l  o r  category used i s  s imply  i d e n t i f i e d  as "Possible Problem." 
Mate r ia l s  i n  t h i s  category a re  ones f o r  which SPS demand i s  no t  p a r t i c u l a r l y  
l a rge  bu t  the  suppl ies a re  h i g h l y  uncer ta in .  S p e c i f i c a l l y ,  o n l y  arsenic  and 
ga l l i um  fo r  the  s i l i c o n  op t ion  appear i n  t h i s  category. Arsenic and ga l l i um  
are requi red i n  s u f f i c i e n t  quan t i t i e s  under t he  ga l l i um  op t i on  so t h a t  they a re  
placed i n  a much higher category. The modest amo~rnts needed f o r  t he  s i l i c o n  
opt ion,  wh i le  they would s t r a i n  e x i s t i n g  resources product ion,  do no t  appear t o  
be a c e r t a i n  o r  ever a r ea l  po ten t i a l  problem. The present data base i s  i nsu f -  
f i c i e n t  f o r  a f i n a l  determinat ion.  
There a re  c e r t a i n  mate r ia l s  f o r  which a "Real Po ten t i a l  Problem" e x i s t s .  Th is  
four th  category o f  " c r i t i c a l i t y "  i s  b a s i c a l l y  def ined as a f a i l u r e  t o  meet any 
of  the t e s t s  fo r  the three lower categor ies.  A t  the same time, i t  i s  no t  t h e  
h ighest  poss ib le  category because there  would appear t o  be adequate reserves bu t  
po ten t i a l  supply problems could be created e i t h e r  by import  s e n s i t i v i t y  o r  
inadequate ex t r ac t i on  capac i ty  a t  the  present t ime. Mate r ia l s  i n  t h i s  c l ass  
c l e a r l y  warrant more de ta i l ed  examination. 
The f i f t h  and h ighest  category o f  " c r i t i c a l i t y "  i s  "De f i n i t e  Problems." I n  t h i s  
category a re  those mate r ia l s  f o r  which the SPS annual demand would t a x  some 
combination of the t o t a l  known reserves and/or e x i s t i n g  and p ro jec ted  e x t r a c t i o n  
technology. There i s  on ly  one such mate r ia l  i n  t h i s  category a t  t h i s  t ime and 
t h a t  i s  ga l l ium.  
Special "Non-Gradient" Categories 
One of the  most usefu l  by-products o f  t h i s  p re l im inary  ana lys is  i s  t he  i d e n t i f i -  
ca t i on  o f  c e r t a i n  mate r ia l s  f o r  which t he  problem i s  no t  adequate supol ies  o f  
the raw mate r ia l  s bu t  r a the r  1 im i t a t i ons  i n  manufacturing and processing capac- 
i t y .  These mate r ia l s  a re  assigned the  special  category i d e n t i f i e d  as "A: Manu- 
f a c t u r i n g  Capacity Problem. " 
I n  addi t ion,  there were a few mater ia ls  f o r  which the r e a d i l y  ava i l ab le  data 
base was so inadequate, a t  l e a s t  w i t h i n  the l i m i t s  o f  t h i s  wh i te  paper e f fo r t ,  
t h a t  no categor izat ion could be made. Graphite and arsenic a re  the  two items 
i n  t h i s  category "B" group. I n  these cases, there ex i s t s  subs tan t ia l  uncer ta in ty  
as t o  the s u b s t i t u t a b i l i t y  of o ther  f i n a l  products (g raph i te )  o r  the a v a i l a b i l i t y  
of adequate processing capaci ty (arsenic) .  
Sumnary Results o f  Screening Analysis 
The r e s u l t s  o f  t h i s  h i gh l y  p re l im inary  screening a re  sumnarized i n  E x h i b i t  1-1. 
The r e s u l t s  are presented separately f o r  the s i l i c o n  and ga l l i um  opt ions since 
the mater iq ls  reqvirements o f  the  two a re  q u i t e  d i f f e r e n t .  Subject t o  the  
q u a l i f i c a t i o n  t h a t  t h i s  analys is  i s  s t i l l  h i g h l y  pre l iminary ,  i t  appears t h a t  
most o f  the  mater ia ls  requi red i n  e i t h e r  op t ion  a re  i n  the  f i r s t  two categor ies 
o f  "No Apparent Problem" o r  "High Demand-No Apparent Probrem i n  Expansion." 
I n  the o r i g i n a l  l i s t  o f  the  mater ia ls  provided i n  the  Ju l y  13 b r i e f i n g ,  there  
were 22 mater ia ls  l i s t e d .  Two o f  the mater ia ls  1 i s t e d  have been somewhat r e l a -  
beled. Instead o f  aluminum, the e x h i b i t  r e f e r s  t o  "bauxi te (a1 uminum)" s ince 
the baux i te  production i s  a c r i t i c a l  parameter. S i m i l a r l y  f o r  the mater ia l  
l i s t e d  as "graphi te epoxy," the e x h i b i t  shows i t  as "graphi te  epoxy (g raph i te ) "  
t o  r e f l e c t  the fact  t h a t  g raph i te  i s  the  c r i t i c a l  raw mater ia l .  There i s  no 
apparent shortage o f  the manufactured mater ia l  epoxy. 
S i l i c o n  Option 
Exact ly h a l f  o f  the 22 mater ia ls  a re  i n  the f i r s t  c l a s s i f i c a t i o n  o f  "No Apparent 
Problem" f o r  t h i s  opt ion. Another three mater ia ls  , bauxi te,  oxygen, and s i l  i - 
con are i n  the second category of "High Demand-No Apparent Problem i n  Expan- 
sion." 
Only four mater ia ls  are i n  the "Possible" o r  "Real Po ten t ia l  Problem" categor ies.  
These are arsenic and ga l l i um i n  the  "Possible Problem" category and mercury 
and tungsten i n  the "Real Po ten t ia l  Problem" category. 
Two of the mater ia ls  i n  t h i s  op t ion  a re  b e t t e r  character ized as problems i t ?  
expanding manufacturing capaci t ies  than as raw mater ia ls  shortage (Category A). 
These ore glass and hydrogen. 
One mater ia l  , graph1 te,  fa1 1 s i n t o  Category B, "Data Sources Inadequate." 
Gal 1 ium Option 
I n  general, the gal  1 ium op t ion  i s  character ized by a lesser  number of "non- 
c r i t i c a l  mater ia ls .  Ten of these mater ia ls  are i n  the  lowest category, "No 
Apparent Problem." One mater ia l  , bauxite, i s  i n  t h s  next  lowest category, 
"High Demand-No Apparent Problem i n  Expansion." 
For t h e  ga l l i um option, there a re  no mater ia ls  i n  the "Possible Problem" cate- 
gory, The two mater ia ls  i n  t h a t  category f o r  t he  s i l i c o n  opt ion, arsenic and 
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gallium, werz considered as "Possible Problem" only  because o f  the small amounts 
needed. With the gal 1 ium option, however, the amounts needed are w c h  1 arger , 
and consequently, the leve l  of sever i ty  i s  much greater. 
Under the gal l ium option, mercury, s i l v e r ,  and tungs':en are i n  the "Real Poten- 
t i a l  Problem" category and gal l ium i n  i n  the "Def in i te"  category. 
"Manufacturing capacity" problems would appear t o  apply t o  hydr~gen, sapph;re, 
tef lon, and kapton under the gal l ium opt ion (Category A ) .  
Data sources are inadequate f o r  the c l a s s i f i c a t i o n  o f  arsenic as wel l  as graph- 
i t e .  The reason f o r  t t e  change i n  the status o f  arsenic as between the two 
options i s  t ha t  the much la rger  quant i t ies qeeded i n  the gal l ium opt ion move i t  
from the "Possible Problem" t o  the "Data Su.irces InaAequate" category. With 
the small amounts needed i n  the s i l i c o n  opt i r - ,  there i s  less need f o r  extended 
fu r the r  research. The problem i s  bas ica l l y  o f  l i m i t e d  production re la ted  t o  
1 imited demand. I n  the case o f  the gal 1 ium option, the problem may be restat2d 
as substant ial  demand i n  the face o f  l i m i t e d  and u n c e r t a i ~  supply. 
Supporting Computations 
The computations which support the foregoing c lass i f i ca t i ons  o f  mater ia ls  are 
presented i n  Exh ib i t  1-2 ana I-3.  The two exh ib i ts  are ident icu l  i n  format and 
construction. The s i  1 icon (Johnson Space Center) concept i s  sumnarized i n  
Exh ib i t  1-2 whi le the gal l ium arsenide (Marshall Space Center) concept i s  
described i n  Exh ib i t  1-3, 
The annual requirements estimate i s  taken d i r e c t l y  frm the mater ia ls  l i s t  i n  
the July  13 b r i e f i n g  (Reference S15). The tab le  provides f o r  three data items on 
each material  : domestic resources, domestic p r o d u c t i o ~ ~  capacity , end production/ 
shipments volume. Not a l l  three are f i l l e d  out for each mater ia l .  I n  the case 
o f  h igh ly  processed materials, e.g. , aluminum and argon, no ~'esources estimate 
i s  given but instead re l iance i s  placed on producteion and shipments data. I n  
the case o f  raw materials which are converted t o  a f i n a l  mater ial  , e.g., badxi te ,  
resources and/or shipments data are given. A1 1 materials requirements assigned 
t~ one o f  the ~ ' i v e  categories are compared t o  a t  l eas t  one and, i n  most cases, 
two indices o f  current resources, capacity , and production. 
I n  the f i n a l  column, the " C r i t i c a l i t y  Rating" f o r  each material  i s  given as a 
number o r  l e t t e r  corresponding t o  those used i n  Exh ib i t  1-1. SPS annual requi re-  
ments are expressed as a percentage o f  current (recent) production o r  shipments 
i n  the ad 'oining column. I n  some cases, a compound r a t i n g  has been assigned, 
e.g., ~ ( 4 3  f o r  arsenic. This indicates tha t  arsenic more appropriately belongs 
i n  the B category o f  requ i r ing  fu r ther  deta'led research. If, however, i t  was 
necessary t o  make some very prel iminary judgment on i t s  " c r i t i c a l i t y "  l eve l  
w i  t h w t  fu r ther  research, t ha t  leve l  would be Level 4, "Real Potent ia l  Problem." 
For purposes o f  the p r i o r  sumnary (Exhib i t  I -1) ,  the non-gradient category was 
csed. The gradient leve l  i s  provided here only  for reference. 
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1-6. REVIEW OF COMPONENT MATERIALS 
Even w i th in  the framework o f  t h i s  very l i m i t e d  analysis, numerous problems 
emerge w i th  respect t o  data sources and c l a s s i f i c a t i o n  o f  materials.  I t  i s  
therefore i v y s s i  b l e  t o  simply general i z e  about many o f  the material  c .  Specific 
comnents on def ini t ion: and assumptions are required. For most of the sensi t ive 
material  s , an expanded discussion o f  the  assumptions, data sources, and problems 
i n  c lass i f i ca t ion  i s  provided i n  Appendix A e n t i t l e d  "Data S;ru,.ce; Classi- 
f i ca t ion  Problems wrth f'2gard t o  SPS Materials." 
The discussion presented below, therefo le dc.zl; only wit!. general nature of 
the problems noted, and technical de ta i l s  a re  noted i n  the appendix. 
Cateqory 1 Materials: "No Apparent Problem" 
For the most part, the basis o f  c l a s s i f i c a t i o n  ana d e f i n i t i o n  o f  these materials 
i s  self-evident. I n  a t  l eas t  three cases, however, there were s ign i f i cant  def- 
i n i t i o n a l  o r  der ivat ion problems which had t o  be resolved before the materials 
could be c lass i f ied .  
The specif icat ions given i n  the July 13 "merged" reference concept included 
concrete but not cement. O f  the  materials tha t  make up concrete, i .e., sand, 
gravel, and cement, there would appear t o  be n3 shortage of the f i r s t  two. 
Cement, however, has been per iod ica l ly  i n  short supply i n  the United States. 
Consequently, i t  was necessary t o  i s o l a t e  the cement category. 
"Ceramics" i s  not a s ingle defined material .  It represents a group o f  materials 
f o r  which i t  was possible t o  get very generalized shipments estimates which are 
much larger  than the SPS annual demand. It may be tha t  fu r ther  disaggregation 
could reveal some problems. 
The materials l i s t  i n  the July 13 b r i e f i n g  speci f ies "st ructura l  steel ." This 
def in i t ion ,  taken a t  face value, proves t o  be somewhat inadequate. There tends 
t o  be some semantic var iat ions i n  what i s  described as s t ruc tura l  s teel  i n  
various report ing documents. I n  many cases, the estimates o f  s t ruc tura l  steel 
production includes only major steel members such as those used i n  heavy engi- 
neering construction and heavy supporting columns f o r  large bui 1 dings. A more 
specif ic de f i n i t i on  o f  the type o f  s t ruc tura l  s teel  required f o r  rectenna 
construct ion was obtained from the American I ron  and Steel I n s t i t u t e  (Reference 
8). Based on t h i s  source, i t  appears t h a t  the type o f  steel needed f o r  SPS 
components i s  not i n  short supply and does not correspond t o  the narrow d e f i n i -  
t i o n  of s t ructura l  steel used i n  the various reported data series. The la rger  
question of sustained high domestic leve ls  i s  outside the scope of t h i s  analysis. 
Category 2 Materials: "High Demand - No Apparent Problems i n  Expansion" 
For the s i l i c o n  option there were three materials i n  t h i s  category, bauxite, 
oxygen, and metal lurglcal s i l  icon. Only one of these, bauxite, was c l a s s i f i e d  
i n  t h i s  category for the ga l l  ium option. 
Bauxite i s  the preferred and, current ly ,  v i r t u a l l y  the sole mater ial  from which 
aluminum i s  ref ined. Not enough bauxite i s  mined i n  the United States t o  supply 
current needs f o r  aluminum production. As a resu l t ,  major import sources have 
been developed i n  the West Indies ( p a r t i c u l a r l y  Jamaica) and i n  Austra l ia .  
These sources o f  supply were, f o r  purposes o f  t h i s  analysis, considered t o  be 
r e l a t i v e l y  stab1 e. Tentative estimates o f  these countr ies ' resources indicate 
tha t  they are qu i te  adeqdate t o  meet the expansion i n  demand required by the 
SPS program. The only  condit ions under khich problems might a r i s e  would be if 
overseas shipments t o  the United States were i n te rd i c ted  o r  ha l ted  for  some 
cur ren t ly  unforeseen p o l i t i c a l  o r  m i l i t a r y  reason. A t  the present time, only 
about 15 t o  20 percent o f  U.S. bauxite requirements are produced from domestic 
resources. I t  should be noted, tha t  la rge  scale experiments are under way t o  
r e f i n e  aluminum from mater ia ls  ~ t h e r  than bauxite. For example, kaol in,  a c lay  
found i n  abundant supply i n  the United States, contains a substant ial  proport ion 
of aluminum. It i s  not  now economical t o  ex t rac t  aluminum from t h i s  source, but 
experiments are under way t o  improve recove -y technology. 
The estimated annual demand f o r  oxygen, under the gal 1 ium option, i s  over 2.7 
m i l l i o n  metr ic tons. This estimate i s  not  only  wel l  over 13 percent o f  current 
domestic production (1 1 m i l  1 i on  metr ic  tons) but i s  a lso scmewhat over 10 per- 
cent o f  estimated domestic production capacity (22.7 m i l l i m  met r ic  tons). 
There should, however, be no problem i n  the raw mater ia ls  f o r  oxygen since i t  
i s  f reely  a v a i l ~ b l e  i n  a var ie ty  o f  sources. This element, arguably, should be 
placed a lso i n  Category A. I n  any case, however, i t  i s  c l e a r l y  not  a s ign i f i can t  
po ten t ia l  problem f o r  the SPS. 
S i l i con  was simply labeled as s i l i c o n  i n  the l i s t  o f  mater ia ls  requirements. 
This caused some definitions; problems since the Arthur D. l . i t + l e  repor t  (Ref- 
erence 10) reveals tha t  i s  was not j u s t  s i l i c o n  but  p i w t i c u l a r l y  h igh p u r i t y  
s i l i c o n  tha t  w i l l  be required. While there are massiv? raw material  resources 
for s i l  icon, the development o f  s i l i c o n  from one s ta t€  of p u r i t y  t o  the next 
requires s ign i f i can t  addi t ional  steps o f  refinement. It i s  apparent t h a t  the 
preparation o f  high p u r i t y  s i l i c o n  adequate f o r  so lar  c e l l s  would requi re a t  
leas t  one step o f  refinement past t ha t  required f o r  the manufacture of what i s  
comnonly known as "metal 1 u rg ica l  s i  1 icon. " The Bureau o f  Mines (Reference 18) 
estimates tha t  i t  would take approximately three yezrs t o  develop a p lan t  
equipped t o  produce high pu r l  t y  s i l  icon (so la r  grade) from metal l u r g i c d l  s i l  icon. 
Thus, given enough lead time, the manufacture o f  adequate suppl i es  should not 
present any probiems. 
Category 3 Mater ials:  "Possible Problem" 
No materials f e l l  i n t o  t h i s  category under the g?. l l ium opt ion. Under the  s i l  
con option, arsenic and gal l ium were c lass i f i ed  i n  t h i s  group. Since both of 
these materials are c l a s s i f i e d  e l  sewhere under bigher leve ls  o f  c r i t i c a l i t y ,  
they are discussed below. 
Cateqory 4 Materials: "Real Potent ial  Problmm 
Mercwy and tungsten occur i n  t h i s  category f o r  both s i l i c o n  and gal 1 ium options. 
I n  addit ion, s i l v e r  appears i n  t h i s  category for the gal l ium option. 
IF recent years, over 95 percent o f  domestic mercury needs have been suppl ied  by 
imports. There i s  some indicat ion, however, t ha t  imports have decl ined t o  about 
hal f  t h e i r  p r i o r  r a t e  due t o  the recent opening of a ma j a r  mine i n  Nevada. 
Spain i s  the primary current  source o f  imported mercury. The recent dramatic 
changes i n  Spain's government may ra i se  questions o f  long-term s t a b i l  i t y  and 
dependable supply. Pending ve r i f i ca t i on  o f  fu r ther  reduced dependence on 
imports, t h i s  material has been conservatively c l a s s i f i e d  es a potent ia l  problem. 
Mercury i s  a f a i r l y  good example o f  the type of material  which would survive an 
i n i t i a l  screening f o r  " c r i t i c a l  " status but  might we1 1 be e l  iminated by fu r ther  
in-depth invest igat ion. 
The domestic production capacity of tungsten i s  extremely 1 i m i  ted a t  approximatel; 
4,200 metr ic tons per year as shown i n  Exhib i ts  1-2 and 1-3. The SPS requirement 
of approximately 1,200 metric tons annually br~ould represent wel l  over a quarter 
of t h i s  t o t a l  capacity. It would also be almost hal f  of recent shipment leve ls  o, 
2,700 metric tons per year. Because o f  the high cost o f  mining ex i s t i nq  
domestic reserves, the vast major i ty  o f  tungsten i s  imported t.0 the United States 
(Reference 20). Only 31 percent of these imports come from e i the r  Canada o r  
Mexico. Other major sources of supply include Peru, Bo l iv ia ,  Thailand, the 
People's Republic o f  China, and Austral ia.  Although several o f  these sources of 
supply can be considered both f r i end ly  and stable, not  a l l  o f  them f a l l  i n t o  t h i s  
category. Therefore re1 i a b i l  i t y  o f  supply 23-25 years i n  the  fu ture  remains 
questionable and characterizes t h i s  material  as a "Real Potent ial  Problem." 
Once again, i t  should be stressed tha t  t h i s  i s  an i n i t i a l  screening ef for t .  
Further, deta i led examination o f  the d i s t r i b u t i o n  and qua1 i t y  of reserves might 
resolve t h i s  problem. 
SPS s i l v e r  requirements are t r i v i a l  under the s i l i c o n  but are qu i te  substantial 
(3,200 metr ic tons per year) under the gal 1 ium concept. Gall ium opt ion demand 
would exceed current domestic production o r  shipments by a factor of almost 
three. The projected s i l v e r  demands would be nearly equal t o  the combined mine 
production leve ls  o f  a1 1 three North American countries. Furthermore, the com- 
bined 30-year proposed program would consume approximately twice the "proven" 
reserves i n  1974. I n  t h i s  regard, i t  should be noted tha t  most domestic s i l v e r  
i s  recovered as a by-product of other mining, notably copper and t o  a lesser 
extent, zinc. L i t t l e  s i l v e r  i s  mined d i r e c t l y .  The high demand i n  r e l a t i o n  t o  
current  production is,  i n  and of i t s e l f ,  reason f o r  assignin5 t h i s  t o  the "Real 
Potent ia l  Problemi' area. The fa i l u re  of t h i s  study t o  cons~der the question o f  
p r i c e  and p r i ce  e l a s t i c i t y  may be p a r t i c u l a r l y  meaningful i n  t h i s  case. Further 
inves t iga t ion  might wel l  reveal the f a c t  t h a t  a t  s i g n i f i c a n t l y  h5gher prices, the 
recovery of s i l v e r  as a by-product and/or the expansion of d i r e c t  mining would be 
h igh ly  feasib le.  
Category 5 t la ter ia ls :  "Def in i te  Problem" 
Under the assumptions o f  the s i l i c o n  option, there are no mater ia ls  which f a l l  
i n t o  t h i s  category. Under the assumptions o f  the gal l ium option, however, 
gal l ium i t s e l f  becomes the sole Category 5 mater ia l .  The best discussion of 
gal l ium recovery and i t s  po ten t ia l  expansion i s  provided i n  the Arthur 0. L i t t l e  
repor t  (Reference 10). Gallium i t s e l f  i s  a by-product o f  the production of 
re f ined aluminum and zinc. The gal l ium recovery r a t e  from bauxi te (primary alum- 
inum source) has been estimated t o  range from approximately -002 t o  .GO4 percent. 
A t  the lower leve l  o f  extract ion, the amount o f  bauxite re f i n ing  required t o  
generate annual l y  the 2,200 metr ic  tons o f  gal 1 ium needed f o r  the SPS program 
would be almost 10 times the volume o f  bauxite re f ined i n  the United States today, 
Prel i rn i r - -y  review o f  the 1 i tera ture  indicates tha t  t o  achieve the higher r a t e  
of recovery ( .OO4 percent) adds s i g n i f i c a n t l y  t o  recovery costs. Consequent1 y , 
even a t  the higher r a t e  o f  recovery, supplies would be c l e a r l y  inadequate from 
ex is t ing  bauxite processing and might, i n  addi t ion,  impose what could be a pro- 
h i b i t i v e  tax on the re f i n ing  capacity o f  the aluminum industry.  
The foregoing analysis of gal l ium i s  based i n  pa r t  on the assumption tha t  i t  w i l l  
continue t o  be avai lab le only  as a by-prodwt. No cos t -e f fec t ive  a l te rna t ives  
have ye t  beer, i den t i f i ed .  Mineral resources are, however, o f ten  developed only  
i n  response t o  e x p l i c i t  needs. Thus f a r  there has been 1 i t t l e  need f o r  gal l ium 
beyond what can be economically produced as a by-product o f  aluminum re f i n ing .  
Clearly, the gal 1 ium concept would requi re extended fu r the r  research i n t o  the 
supply of t h i s  mineral. 
Category A Mater ial  s : "Apparent Problems i n  Manufacturing Capacity" 
There are a t o t a l  of four mater ials which f a l l  i n t o  t h i s  category: hydrogen i n  
both options; glass i n  the s i l i c o n  option; and sapphire and t e f l o n  i n  the 
gal l ium option. I n  a l l  four cases, mater ials cannot be assigned t o  a gradient 
category w i th  respect t o  the po tent ia l  scarc i ty  o f  const i tuent  raw materials.  
I n  the case o f  glass, the problem i s  one o f  de f i n i t i on .  Total glass manufactured 
(annually) i n  the United States exceeds, by several orders o f  magnitude, the 
requirements o f  the SPS. The pa r t i cu la r  kind o f  glass needed f o r  the SPS, 
according t o  the Arthur D. L i t t l e  study (Reference 10) i s  high p u r i t y  b o r o s i l i -  
cate glass. Current production leve ls  o f  t h i s  boros i l  i ca te  glass are approxi- 
mately 29,000 metr ic tons per year. Under the s i l i c o n  concept, SPS annual 
requirements o f  33,000 tons per year would exceed the t o t a l  domestic production 
by 25 percent. Clearly, substznt ial  expansion o f  t h i s  manufacturing capacity 
i s  required. 
There would seem t o  be no pa r t i cu la r  shortage o f  the raw materials f o r  t h i s  o r  
any other kind o f  glass. There i s ,  however, an i n te r re la t i onsh ip  between t h i s  
type o f  glass and the need f o r  high p u r i t y  s i l i c o n  which i s  one o f  i t s  major 
ingredients. 
The transportat ion fuel  requirements o f  the SPS program indicate a need t o r  
e i t he r  81,000 metr ic tons per year o f  1 i qu id  hydrogen ( g a l l  ium opt ion)  o r  129,000 
metr ic tons per year ( s i l i c o n  opt ion).  Both these numbers are subs tant ia l l y  
higher that] both- the current estimated production capacity o f  30,000 metr ic  tons 
per year and the current es t  imated annual production o f  approximately 19,000 
tons per year. I n  the numerous references t o  special ized o r  new manufacturing 
requirements f o r  the SPS, e.g. , photocell fabr icat ion,  launch vehic le manufac- 
ture, etc., no mention i s  made o f  hydrogen production o r  po ten t ia l  improvement 
i n  t ha t  technology. It i s  not  c lear  whether i t  i s  assumed tha t  current techno- 
logy can be used t o  increase production a t  the same o r  lower cost.  This i s  an 
issue f o r  f u r the r  research. 
S ~ n t h e t i c  sapphire i s  required i n  very large amounts f o r  the gal l ium arsenide 
opt ion (over 11,000 metr ic tons per year). Prel iminary research revealed no 
data source f o r  synthet ic sapphire production a t  t h i s  time. Clearly i t  would be 
inappropriate t o  take more generic s t a t i s t i c s  on synthet ic gems and apply them 
t o  t h i s  need. The Arthur D. L i t t l e  study (Reference 10) provides l i m i t e d  in fo r -  
mation on the f a b r i c a t i o ~  o f  t h i s  mater ial .  The basic const i tuent  mater ial  i s  
pu r i f i ed  aluminum t r i o x i d e  (A1 *03) .  Apparently, t h i s  mater ial  i s  avai lab le only  
from a sing1 e source i n  Switzerland, which produces whatever small quant i t ies 
are required f o r  use i n  the micro-electronic industry.  The process o f  producing 
synthet ic sapphire i s  very mater ial  and energy intensive. Production o f  syn- 
t h e t i c  sapphires i n  the quant i t ies needed f o r  the SPS program would exceed known 
world capacity by several orders o f  magnitude. Given s u f f i c i e n t  lead time, 
American technology should, w i th  an assured market, be able t o  develop s u f f i -  
c ien t  domestic capacity f o r  the production o f  A1203 and subsequent fabr ica t ion  
o f  synthet ic sapphires. 
Teflon i s  a propr ietzry product manufactured by DuPont. The substant ial  expan- 
sion of t e f l o n  requirements i s  indicated by the f a c t  tha t  under the gal l ium 
concept, the 3,000 metr ic tons per year requirement i s  over 46 percent o f  cur- 
ren t  production (8,300 metr ic  tons). There appear t o  be no pa r t i cu la r  raw 
material  problems associated w i th  t h i s  except t ha t  one o f  the ingredients, 
f luorspar,  i s  almost e n t i r e l y  imported. 
Category B Materials:  " I nsu f f i c i en t  Data f o r  Analysis" 
Graphite and arsenic f a l l  i n t o  t h i s  category. Arsenic i s  i n  t h  
for tbe gal 1 ium concept, since the amounts required for the s i l  
qu i te  small. 
i s  category only  
icon concept are 
Graphite i s  estimated t o  account f o r  approximately 75 percent o f  the graphite 
eDoxv material  f o r  the SPS. Based on t h i s  assum~tion, somethinq i n  excess of 
9',40b metr ic tons per year would be required for' e i t h e r  o f  the ~ P S  options. This 
would be a very large,but not overwhelming,proportion o f  the approximately 79,000 
metr ic  tons o f  graphite imported from a l l  sources i n  1977. There i s  essent ia l l y  
no source o f  domestic graphite a t  t h i s  time. The whole question o f  import 
dependency may be moot : :rice technology has been developed recent ly  f o r  synthe- 
s i z i n g  graphite epoxy from rayon f i be rs  (Reference 4). I f  these f i be rs  are heat 
t reated (baked), the f i be rs  a l i gn  i n  the same d i rec t i on  and the synthet ic 
-- - -- - - 
i mater ia l  may i n  fact  provide be t t e r  con t ro l  o f  g r a i n  r e g u l a r i t y  than w i t h  natura l  g raph i te  f i b e r .  The technology i s  r e l a t i v e l y  new and t he  extent  t o  which 1 i t  can be expanded t o  f i l l  SPS-generated demand has no t  y e t  been determined. If 
I synthet ic  processing i s  adequate t o  meet t he  needs o f  t he  SPS program, there 
c would be no raw mater ia ls  problem since the  basic raw mater ia l ,  rayon, i s  a 1 fo rest  f i b e r  product. Without f u r t h e r  research i n t o  the  adaptabi l  i t y  of t h i s  
/ technology, t h i s  mater ia l  cannot be c l a s s i f i e d  as t o  i t s  c r i t i c a l i t y .  
I 
I The arsenic manufacturing problem appears t c  be more pol  i t i c a l  than technological  .I 
i According t o  the Ar thur  D. L i t t l e  study (Reference 10) therz  i s  present ly  only ! I one f a c i l i t y  i n  the United States which produces the h igh p u r i t y  arsenic t ha t  I 1 w i  11 be needed f o r  manufacture o f  ga l  1 ium arsenide. This p r o d u c t i o ~ ,  which i s  I 
cu r ren t l y  i n  r e l a t i v e l y  small quan t i t i es ,  i s  based on a by-product process of I copper smelt ing. There has a1 so been x n s i d e r a b l e  environmental res is tance t o  
I e x~ans ion  o f  the  o u t ~ u t  and/or use o f  arsenic.  Chanaes i n  those a t t i t u d e s  would 
probably be a p re req" is i te  t o  s i g n i f i c a n t  f u r t h e r  byrproduct ex t rac t i on  o r  manu- 
f ac tu r i ng  capaci ty expansion i n  t h i s  country. Since very l a rge  quan t i t i es  of 
arsenic are requi red under the g a l l i i m  opt ion,  t h i s  has been c l a s s i f i e d  as needin! 
f u r t he r  primary research. Arguably, i t  could a l so  have been c l a s s i f i e d  as an 
area i n  which manufacturing was the major issue. 
Issues Raised i n  C lass i f i ca t i on  E f f o r t  
Several methodological and d e f i n i t i o n a l  issues have been ra ised  i n  the  attempt 
t o  c l ass i f y  SPS mater ia ls .  These inc lude:  
1. D e f i n i t i o n  as re l a ted  t o  p u r i t y :  arsenic,  glass, graphi te,  s i i  icon. 
2 .  D e f i n i t i o n  as r e l z t e d  t o  components o f  mate r ia ls  l i s t e d  as compounds: 
gal  1 ium arsenide. 
3 .  D e f i n i t i o n  o f  mater ia ls  i d e n t i f i e d  by generic o r  p rop r i e ta r y  name: 
ceramics, concrete, glass, kapton, te f lon .  
4.  Resource mater ia ls  produced as a by-product o f  o ther  mineral r e f i n i n g  
processes: arsenic, gal l ium, s i l v e r .  
5 .  The problem o f  separating manufacturing requirements from raw mater ia l  
requirements: arsenic,  glass, hydrogen, kapton, oxygen, sapphire, 
t e f l on .  
The foregoing l i s t  i s  obviously on ly  p a r t i a l .  Many mater ia ls  appear on more 
than one l i s t .  The important t h i ng  here i s  t h a t  these dimensions o r  aspects o f  
com onent mater ia ls  should be much b e t t e r  def ined i f  fu r ther  c r i t i c a l  mate r ia ls  e eva ua t ion  i s  t o  be systematic and accurate. 
1-7. GENERAL FEATURES OF A PRACTICAL APPROACH TO CRITICAL MATERIALS 
The foregoing research, despi te  i t s  l i m i t e d  scope, provides some i ns i gh t s  i n t o  
the  requirements for  an ef fect ive approach t o  i d e n t i f y i n g  and evaluat ing c r i  ti- 
ca l  mater ia ls .  To be e f f ec t i ve ,  any approach must deal w i t h  the  problem tha t ,  
considered i n  i t s  broadest sense, the c r i t i c a l  mate r ia ls  issue could be 
invest igated i n  i n f i n i t e  d s t a i l .  A p rac t ica l  approach t o  c r i t i c a l  mater ia ls  
evaluation should be as cost e f f e c t i v e  and t imely as possible. To accomplish 
th is ,  such an approach should: 
1. .Be as broad as possible i n  the i n i t i a l  d e f i n i t i o n  o f  the  universe of 
Riaterials t o  be examined. 
2. -Minimize elaborate data co l l ec t i on  and reduct ion e f f o r t s  u n t i l  screening 
i s  completed and the number o f  candidate materials i s  reduced. 
. 3. Provide spec i f i ca l l y  f o r  non-quanti t a t i v e  judgments as we1 1 as quanti - 
t a t i v e  c r i t e r i a ;  but, only  w i t h  a standardized format f o r  presentation 
of such judgmental c r i t e r i a  . 
4. Generate useful resu l t s  even i n  the absence o f  more de ta i led  o r  "harder" 
estimates o f ,  SPS materials.  
5. ~ e c o ~ n i z e  e x p l i c i t l y  the f l e x i b i l i t y  and potent ia l  f o r  change i n  mater- 
i a l s  reserves and the technology through the year 2000. 
6. Specify i n  advance the form and content o f  subsequent analysis o f  
" c r i t i c a l "  mater ials which survive i n i t i a l  screening. 
7 .  Allow, i n  the i n t i a l  screening process, f o r  the p o s s i b i l i t y  t ha t  some 
materials may be impossible t o  c l a s s i f y  without addi t ional  primary 
research. 
Recomnended Three-Phase Approach 
I f  c r i t i c a l  mater ials evaluation i s  t o  be achieved p r i o r  t o  real  "hardening" of 
the SPS design, i t  should proceed i n  several phases. The f i r s t  phase should be 
a screening phase i n  which a generous o r  broad d e f i n i t i o n  o f  potent ia l  " c r i t i -  
c a l i t y "  should be used t o  i so la te  those materials requ i r ing  fu r the r  evaluation 
and e l iminat ing thost f o r  which the demand w i l l  be t r i v i a l  i n  the context of 
current and fu tu re  production. 
To accompl i sh t h i  s , a three-phase appt-oach i s  reconwended , specif  i c a l l  y 
recognizing the separate nature of the screening process and the subsequent 
in-depth evaluation process. 1 he three major phases proposed are: 
Phase 1 : Comprehensive i n i t i a l  screening. 
Phase 2: C lass i f i ca t ion  o f  i n i t i a l l y  unc lass i f iab le  mater ials.  
Phase 3: In-depth evaluation o f  surv iv ing " c r i t i c a l  I' materials.  
1-8. PHASE 1 : COMPREHENSIVE INITIAL SCREENTNG PROCESS 
The major elemen-ts ,of the f i r s t  phase o f  the proposed approach t o  c r i t i c a l  
mater ials evaluation are presented below i n  ou t l i ne  form. These are intended t o  
represent a s e t  of .general parameters f o r  such an invest igat ion rather  than a 
de ta i led  procedure., 
- : , , 
. , ~ , ,  
Expanded D e f i n i t i o n  o f  t he  SPS Mater ia l s  Universe 
SPS mater ia l s  eva luat ions have so f a r  been based on a  mass ana lys is  of the  system 
components and requi red propel l an t s .  Uastage, add i t i ona l  ma te r i a l s  requi red i n  
processing, mate r ia l s  requi red f o r  sec0ndr.r~ and t e r t i a r y  resource mate r ia l s  
a re  a l l  omit ted.  While i t  may be argued bhat any systematic mass ana lys is  would 
capture these i n d i r e c t  mass requirements, the re  i s  too  much v a r i a t i o n  i n  method- 
ology t o  s imply t r u s t  t h i s  t o  the  judgment of the  analys t .  For example, the  
Ba t t e l  l e  PNL methodology does i n  f a c t  deal w i t h  secondary "bu lk"  i npu t  mate r ia l s  
t o  the  process, e.g., c r y o l i t e  and carbon f o r  aluminum. It i s  no t  c l ea r ,  
whether i t  deals w i t h  mate r ia l s  requi red f o r  s i g n i f i c a n t  expansion o f  manufac- 
t u r i n g  capaci ty.  
I t  i s  important i n  t h i s  regard a lso  t o  d is t ingu 'sh  raw mate r ia l s  i n  t h e i r  na tu ra l  
o r  ex t racted form from processed mate r ia l s .  Secondary o r  t e r t i a r y  mate r ia l s  
should be i d e n t i f i e d  i n  a l l  cases, perhaps us ing the  PRL methodology. The empha- 
s i s  here i s  on i d e n t i f i c a t i o n  r a the r  than quan t i f i ca t i on .  Once a  l i s t  o f  second- 
a ry  and t e r t i a r y  mate r ia l  s, i n c l ud ing  those requi red f o r  subs tan t ia l  expansion 
of the  manufacturing process, has been establ ished, the11 an i n t e r sec t i ona l  o r  
reinforcement analys is  should be undertaken t o  show where several d i f f e r e n t  
mate r ia l s  o r  processes make demands on the  same resource. 
Where such in te rsec t ions  o r  reinforcements occur, t h i s  ma ts r i a l  should be added 
t o  the  l i s t  o f  candidate mate r ia l s  f o r  screening. This ana lys is  of i n d i r e c t  
demands could be based on economic i ~ i pu t -ou tpu t  analys is ,  t he  PNL "resources- 
t ree"  analys is  i n  t h e i r  computer model, o r  o ther  ava i l ab l e  techniques. 
A t  t he  end o f  t h i s  process there should be an expanded un iverse o f  mate r ia l s  f o r  
examination. 
Be t t e r  D e f i n i t i o n  o f  Mate r ia l s  
The most c r i t i c a l  aspect of b e t t e r  d e f i n i t i o n  concerns p u r i t y  o r  spec ia l  types 
of mate r ia l s  t o  be used. As a l ready noted, the  d e f i n i t i o n  o f  " s t r u c t u r a l  
s tee l  ", "s i l i con " ,  and "glass", a l l  had t o  be researched even a t  t h i s  pr imary 
l e v e l  o f  c l a s s i f i c a t i o n .  There may be other  mate r ia l s  o f  s i m i l a r  spec ia l i zed  
p u r i t i e s  o r  appl icat iorrs which a re  no t  ev ident  from t h e i r  simple d e f i n i t i o n .  
I t  i s  probablb a lso  important t o  segregate, as e a r l y  as possible,  those mater- 
i a l s  f o r  which the raw mate r ia l s  a re  more o r  less  "un i ve r sa l l y  ava i l ab l e "  and 
f o r  which the rea l  cons t ra i n t  i s  manufacturing capac i ty .  Examples o f  these 
mate r ia l s  include: hydrogen, oxygen, synthet ic  sapphires, ceramics, t e f l o n ,  
kapton, e tc .  
The development o f  the  SPS w i l l  necessar i ly  i nvo lve  c rea t i on  o f  a  g rea t  deal more 
manufacturing capac i ty  i n  several d i f f e r e n t  areas. New rocke t  fue l  p lan ts ,  
f a b r i c a t i o n  o f  space vehic les,  f a b r i c a t i o n  o f  the  so la r  c e l l  ar ray,  and a  wide 
v a r i e t y  o f  o ther  system requirements w i l l  c reate whole new indus t r ies .  A t  t h i s  
time, i t  would seem inappropr ia te  t o  segregate requi red add i t i ons  t o  hydrogen 
o r  glass manufacturing cdpaci t y  from these other  system requirements. Obviously 
the economic evaluat ion of  t h i s  p ro j ec t  should inc lude a cons iderat ion o f  the 
add i t iona l  nanufactur ing capaci ty required. Arguably, such an evaluat ion should 
a l so  include p c t c n t i a l  p o s i t i v e  bene f i t s  on the nat ional  economy o f  t h i s  expansion, 
I: any case, t!le increase irr manufatturinr: capac i ty  requi red as a func t ion  o f  the  
SPS program should be t rea ted  as a separate issue from mater ia ls  
Documented and Systematic Approach t o  Screening 
The key cha rac te r i s t i c s  of a systematic approach t~ screening wh 
e f f e c t i v e  would conta in  the f o l l ow ing  elements : 
The approach should be based ori the  ava i l ab le  and, insof 
cons is tent  data sources. 
There should be quan t i f i ed  thresholds, e.g., percent of 
a v a i l a b i l i t y .  
ch i s  cost -  
a r  as possible, 
cu r ren t  produc- 
- .  
t i on ,  percent of 'current and pro jected reserves, percent of imports. 
Quan t i f i ed  thresholds may i n  f a c t  be mixed func t iona l  re la t ionsh ips ,  e.g. 
percentage thresholds o f  domestic product ion may be changed as a func t ion  
o f  the percentage of raw mater ia ls  imported. 
The model should provide fo r  judgmental inpu t  i n  such areas as po ten t i a l  
subs t i t u t i on  o f  o ther  mater ia ls ,  import s e n s i t i v i t y  and prospects f o r  
techno1 ogica l  change. 
Judgmental o r  o ther  non-quant i f ied fac to rs  should be t r ea t cd  i n  the 
standard format and c l a s s i f i e d  f o r  a l l  bu t  the ~ o s t  t r i v i a l  cases. They 
should no t  be introduced on ly  on an ad hoc basis. 
Per u n i t  and t o t a l  annual energy requirements f o r  each mater ia l  should be 
i d e n t i f i e d  and compared t o  some pre-establ ished c r i t i c a l  energy thresh01 d 
e.g., one percent of SPS annual energy output ( J o i n t  task w i t h  f u r t h e r  
energy analys is  e f f o r t s  recomnended i n  Section I I ) .  
The requirements f o r  "ava i lab le  and cons is tent  data" presents an i n t e r e s t i n g  issue 
It i s  probably preferab le t h a t  the  "need f o r  f u r t h e r  primary research" be an out-  
put  c f  the i n i t i a l  screening process ra the r  than a p re requ i s i t e  t o  it. It i s  
almost i nev i t ab le  t h a t  c l ass i f i ca t i on  of one o r  more mater ia ls  based on ly  on 
pub1 ished data w i l l  be impossible and there w i l l  be a need fo r  fu r ther  primary 
research. Postponing t h i s  primary research u n t i l  a f t e r  the  screening process has 
been completed i s  probably des i rab le  for  two reasons. F i r s t  of a l l ,  mate r ia ls  
requirements may change. Secondly, smal ler-scale focused research s tud ies i n  
these areas might we l l  be eas ier  t o  con t ro l  and be more cos t  e f f e c t i v e .  
S e n s i t i v i t y  Analysis o f L h e  Screeninq Model 
The i n i t i a l  screening model should be subject  t o  some s e n s i t i v i t y  analys is  t o  
determine how much the number o f  mater ia ls  c l a s s i f i e d  as " c r i t i c a l "  would change 
I n  response t o  s h i f t s  i n  e i t h e r  the quan t i t a t i ve  o r  judgmental threst,olds employed 
It mi h t  be very useful t o  know how many more mater ia ls  would be c r i t i c a l  i f  a 
th res  I? o l d  was ra i sed  o r  dromed. 
- 
-- - 
1-9. PHASE 2:  CLASSIFICATIOFJ OF INITIALLY Ut4CLkSSIFIABLE V A N A S 3  
Given the parameters set  f o r t h  above f o r  Phase 1  o f  the evaluat ion process, it 
seems q u i t e  l i k e l y  t h a t  some mater ia ls  w i l l  emerge from t h i s  process as being 
unc lass i f i ab le  wi thout  f u r t h L  primary research. This second phase of the pro- 
cess i s  designed t o  accompl i s h  t h a t  primary research bu t  m l y  a f t e r  having an 1 oppor tun i ty  t o  revlew the  cha rac te r i s t i c s  of the other  mater ia ls .  This review 
would, t o  some degree, harden the d e f i n i t i o n  o f  what cons t i t u ted  a 'critics!" i 
ma te r ia l .  This i n  t u r n  would permit 2 b e t t e r  statement o f  how f a r  t o  go i n  I I 
such addi t i u n a l  primary research. I 
1-1 0. PHASE 3 : IN-DEPT!.1 EVALUATION OF S U R V I V l ' I G  Cf,IT!CAL !lGTEIIIP1.S 
The scope and format o f  the subsequent in-depth eualuat:an o f  those mater ia ls  
determined t o  be c r i t i c a l  should be set  a t  the e a r l i e s t  poss ib le  date. I n  fact ,  
i t  i s  almost mandatory t h a t  the requirements o f  t h i s  in-cepth analys is  be se t  
f o r t h  even before the screening process begiqs. I n  the absence o f  t h i s ,  i t  
would be d i f f i c u l t  t o  avoid " re invent ing the  wheel" o r  going back over the same 
ground once a  mater ia l  has been def ined as " c r i t i c a l " .  
The fo l low ing  h i gh l y  t e r t a t i v e  1  i s t  of items has been developed f o r  such 
in-depth analys is :  
1. Deta i led p ro jec t i on  of domestic, North American. and world suppl ies:  
supply i n  t h i s  context t o  mean known reserves, probable reserves, and 
some h igh l y  t e n t a t i v e  estimate of "resources", w i t h  f u r t h e r  c l a s s i f i -  
ca t i on  by country of o r i g i n  f o r  those i n  which some spec i f i ed  percentage 
of reserves i s  outs ide North America. 
2. Deta i led analys is  o f  projected increases i n  demand f o r  non-SPS uses; 
and the po ten t i a l  f o r  mater ia ls  subs t i t u t i on  i n  these other  use:. One 
example would be increased use of aluninun i n '  automobi les .  
3 .  Eva1 ua t ion  o f  po ten t i a l  techno1 og ica l  changes t o  improve recovery o f  
the f i n a l  mater ia l  from raw mater ia l  sources, inc lud ing  bu t  no t  1  im i t ed  
t o  use o f :  new source mater ia ls ,  e.g., kao l i n  instead o f  baux i te  f o r  
a1 umi num, improved mining , improved p r o w  :, :qg, and r e f i n i n g  . 
4. Expl i c i t  cons iderat ion o f  whether prov id ing an equivalent amount o f  
power v i  t h  pre-sel ected a1 t e rna t i ve  technology, e.g., coal , nuclear,  
would use s i g n i f i c a n t l y  less  o f  the mater ia l  i n  question. 
5. Expl i c i  t treatment o f  current  pr ices, recent p r i c e  trends, pro jected 
p r i c e  e l a s t i c i t y ,  and u l t ima te  impact on the t o t a l  cos t  of the SPS. 
Obviously, f o r  any mater ia ls  c l a s s i f i e d  as genuinely " c r i t i c a l " ,  there should be 
a  h igh degree of i n t e r a c t i o n  w i t h  the design e f f o r t  f o r  the SPS. Spec i f i ca l l y ,  
t h i s  i n t e r a c t i o n  should invo lve  a  thorough i nves t i ga t i on  o f  the po ten t i a l  for  
subs t i t u t i ng  a1 t e rna t i ve  mater ia ls  f o r  the  one designated as " c r i t i c a l " .  This 
i nves t i ga t i on  o f  subs t i t u t i on  should consider both the  technological  problems 
and the cost inpact. The cost impact i n  t h i s  context should be expressed both 
i n  question as revealed i n  the analysis o f  p r i ce  e l a s t i c i t y .  
i i n  absolute terms and i n  r e l a t i o n  t o  the estimated cost impact o f  the material  , 
I 
I 
1 - 1 1  NEED FOR BETTER SPS HATERIALS ZSTIMATES 
General Requirements f o r  C r i t i c a l  Materials Analysis 
There i s  an inevi table and unavoidable tension between the need for precise 
quanti ty estimates f o r  t h i s  process and the inherent ly prel iminary and undefined 
nature o f  a "reference concept" design of the SPS. This sect ion of the white 
paper, focuses on those aspects o f  materials estimates refinements tha t  can be 
achieved wi th in  the framework o f  a "reference concept" design. Perhaps one of 
the most important general requirements i s  t h a t  materials requirements be sm-  
marized. Except f o r  the br ief ings, the general 1 i terature on the SPS presents 
only the u n i t  requirements per venicle, per launch, per square meter of so lar  
c e l l  area, etc. While i n fomat ion  i s  o f ten  given on the nunber o f  launches, the I 
s ize of the solar array, the transformation of the materials estimates for sev- 
eral  d i f fe rent  components i n t o  a t o t a l  system requiresnent i s  a complex process 
best undertaken by the people who prepare the i n i t i a l  estimates. 
Another generic problem concerns the universe o f  materials . Unfort.*natel y , the 
b r ie f i ng  documents do not indicate how broad the scope of the mate ; analysis 
is .  It appears i n  most cases only t o  r e l a t e  t o  the mass of the s .  .e and 
the mass o f  the transportat ion vehicles and required fuel. It i s  ,.- nclear 
whether estimates include c m n d  and contro l  systems, ground suppo) - , tms 
and launch f a c i l i t i e s ,  etc. The terms of reference should always be i i e a r l y  
stated including t iming considerations where annual requirements are not uniform. 1 
i 
The foregoing connents w i th  respect t o  the tenns of reference should not be i taken as a requirement io account f o r  even the most minor materials.  What i s  i 
more important i s  tha t  the terms o f  reference c l e a r l y  s ta te  what i s  being I I accounted f o r  and what i s  being excluded. The reason f o r  the exclusion should 
be given, possibly i n  the form o f  a t o t a l  mass o r  the simple assert ion t h a t  
these are standard components read i ly  avai 1 able. I I 
Better Def in i t ion of Materials 
A bet ter  d e f i n i t i o n  o f  the material items i s  probably even more important than 
bet te r  quant i ta t ive estimates. One c r i t i c a l  r e s u l t  of t h i s  research has been 
t o  indicate how important i t  i s  t o  s ta te  pur i ty ,  special app l ica t ims,  and even, 
i n  some cases, the physical dimensions o f  the material .  
A pa ra l l e l  and equally c r i t i c a l  issue i s  the separation o f  materials as between 
those which depend ul t imately  on raw material  a v a i l a b i l i t y  and those which 
depend on manufacturing and processing. A c lear  ind ica t ion  o f  which materials 
are o r  could be synthetic i s  c r i t i c a l .  
Expl i c i  t Treatment o f  Quant i ta t ive  Uncertainty 
Recognizing the d i f f i c u l t y  involved i n  coming up w i th  precise materials quanti- 
t ies,  i t  would seem that  t h i s  problem could be dea l t  w i t h  by specifying the 
1 eve1 s o f  uncertainty . This type o f  uncertainty treatment i s  charac ter is t i c  of 
many fonns of s im i la r  analysis, e.g., energy requirements, etc. Tolerances 
for each o f  the materials quant i ty  estimates should be given. With these t o l e r -  
ances, a quant i ta t ive estimate o f  uncertainty could be es tab1 ished and ref lected 
i n  the i n i t i a l  screening model. Obviously, surv iv ing " c r i t i c a l "  materials would, 
i n  the t h i r d  and f i n a l  phase o f  the evaluation process, be scrut in ized t o  reduce 
the tolerance. One o f  the key by-products o f  the approach i s  tha t  i t  could focus 
the need t o  re f i ne  quanti ty estimates on only those materials which present a 
po ten t ia l l y  c r i t i c a l  problem. A t  the present time, the problem i s  o f ten  stated 
as g iv ing bet te r  estimates f o r  a l l  materials when be t te r  estimates f o r  a l l  mater- 
i a l s  are not r e a l l y  needed. 
Deferral o f  Refined Estimatinq E f fo r t s  
As noted above, it would appear tha t  any attempts t o  s i g n i f i c a n t l y  r e f i n e  mater- 
i a l  quanti ty estimates can reasonably be postponed u n t i l  a l a t e r  stage i n  the 
evaluation process a t  leas t  from the po in t  o f  view o f  c r i t i c a l  materials eval- 
uation. Only when those materials tha t  are po ten t ia l l y  c r i t i c a l  have been 
ident i f ied  i s  the arduous and of ten h igh ly  judgmental exercise o f  assigning 
speci f ic  numbers t o  unspecif ic concepts r e a l l y  warranted. 
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11. EIIERGY ANALYSIS 
I I - 1 . INTRODUCTION 
Background and General Objectives I 
The stated object ive of t h i s  par t  o f  the study i s  t o  review and sumnarize p r i o r  1 
study e f fo r ts  which t r e a t  the problem o f  the energy required t o  develop and 1 
operate the SPS. The statement o f  work i d e n t i f i e s  three general tasks: (1 ) assembly and analvsis o f  relevant 1 i te ra ture ;  (2)  establishment o f  a l i s t  of : 
issues and questions tha t  must be resolved; and (3 )  i d e n t i f i c a t i o n  o f  unresolved : 
issues and unanswered questions together w i t h  recomnendations of an approach t o  j 
deal inq w i th  them. 
The est imation o f  energy requirements i s  a new and merg ing  d isc ip l ine ,  referred I 
t o  var iously as "energy analysis ," a r  "energy resource accountinq." "Net Energy 
Analysis" i s  a re la ted  but more narrowlv defined nrocess. Some i n i t i a l  I I 
I methodological review i s  c r i t i c a l  i f  SPS energy requirements are t o  be compared t o  those of a1 ternat ive power genera t i o n  technoloqies. 
De f i n i t i on  of Net Energy 
The Federal Non-Nuclear Energy Research and Development Act of 1974, PL 93-577 
5(a)(5), s t ipu lates tha t  "potent ia l  f o r  production of net  energy by the proposed 
technology a t  the s ta te  o f  colrmercidl appl icat ion sha l l  be analyzed and consid- 
ered i n  evaluat ing proposals." As noted i n  one recent overview o f  ne t  energy 
analysis, t h i s  law, "does not def ine net  energy and, t o  date, e f fo r ts  of many 
analysts t o  a r r i v e  a t  a unique d e f i n i t i o n  have fa i led .  The cont inuing debate 
over the mer i ts  o f  net energy analysis and the ambiguity involved i n  i t s  app l i -  
cat ion r e s u l t  i n  an in te res t ing  challenge o f  determining how t o  adhere t o  the 
requirements o f  ( the law)." (Reference 11. ) * 
It i s  c lear  t ha t  the basic premise i s  t ha t  "it takes energy t o  get energy." A 
working generalized de f i n i t i on  of ne t  energy analysis would be the comparison 
of the energy produced by a system t o  the energy required t o  create and operate 
it. 
Key Issues and Organization o f  the Analysis 
The typ ica l  output of net energy analysis i s  a net  energy r a t i o  which expresses 
the energy generated by h process ( a f t e r  subtract ing the energy required t o  
create and operate i t )  as a proport ion o f  the t o t a l  energy output o f  the process. 
This concept of net  energy analysis has been chal lengea on several grounds. 
There are many who question whether i t  i s  worthwhile t o  even undertake i t. Many 
experts feel  t ha t  i t  adds nothing t o  and may be redundant t o  economic analysis. 
Even among the sponsors o f  energy analysis,  there i s  a growing tendency t o  
de-emphasize use o f  a s ing le  "net energy r a t i o "  number. Many feel i t  i s  a poor 
representation o f  a complex and heterogeneous set o f  component requirements. 
References i d e n t i f i e d  w i th  numbers only  are l i s t e d  a t  the end o f  t h i s  section. 
BLANK PAGE 
The imnediately fo l low ing  sect ion o f  t h i s  repor t  (11-2) deals w i t h  
object ives, and v a l i d i t y  o f  energy analys is .  The term "energy analys is"  i s  used 
I 
de l i be ra te l y  instead of ne t  energy analys is  t o  i nd i ca te  the expa~ded and more 
analysis which apply t o  the  SPS are considered. 
i 
d i  saggregated concept. Some phi losophica l  and methodological issues of energy 1 
I 
! 
! Section I i - 3  reviews a l t e r n a t i v e  methodologies and attempts t o  sumnarize t h e i r  
weaknesses and strengths. This sumnary includes again an attempt t o  r e l a t e  them i 
s p e c i f i c a l l y  t o  the  SPS. The s ta tus o f  energy analys is  o f  the  SPS, inc lud ing  a i 
review o f  i t s  r a the r  1 im i  t ed  e x i s t i n g  1 i tera tu re ,  comprises Sect ion 11-4. , 
A recomnended approach t o  energy analys is  f o r  the SPS i s  discussed i n  the fo l low-  i 
i n g  sect ion (11-5), and the  repo r t  concludes w i t h  a b r i e f  review of some spe- 
c i a l i z e d  issues t h a t  apply t o  the SPS. ! i 
11-2. ENERGY ANALYSIS: DEFINITIONS, OBJECTIVES, AND VALIDITY i 
i 
De f i n i t i ons  
Exh ib i t  11-1 presents a theore t i ca l  energy system labeled as an "energy recovery- i 
power generation system." The cen t ra l  box on the char t  includes ( fue l  ) 
ext ract ion,  ( f ue l )  processing, t ranspor ta t ion,  and conversion ( t o  e l e c t r i c i t y ) ,  i 
which apply t o  most e x i s t i n g  generating systems. Throughout the analys is ,  r e f -  
erences a re  made t o  power generating systems although most of the concepts are 
appl i cab l  e t o  any energy us i nglenergy producing process. I i 
I n  the diagram i n  Exh ib i t  11-1, energy f!ows i n t o  the system from some primary 
d i r e c t  energy resource ( f u e l ) .  The energy content o f  t h i s  resource e i t h e r  
becomes d i r e c t  energy inpu t  t o  the system (DEI) o r  i s  unrecovered and i s  resource 
energy l o s t  (REL), e.g., coal  p i l l a r s  l e f t  i n  underground coal mines. The energy 
de l ivered i n t o  the system (DEI) undergoes a conversion process i n  which i nev i -  
t ab le  thermodynamic losses are encountered. These losses are i d e n t i f i e d  as 
energy losses i n  conversion (ELC) and the usefu l  energy produced by the process 
i s  ca l l ed  energy ou tpu t - to ta l  (EOT). Par t  of t h i s  t o t a l  output may be used t o  
power the ex t rac t  ion-process ing-convers i on  process, i n  which case i t  i s  iden t  i - 
f i e d  as energy output returned (EOR). The balance of the energy output i t  
ava i lab le  fo r  use and cons t i tu tes  energy ou tpu t - f i na l  (EOF). 
I n  order t o  make t h i s  process operate, energies a re  ext racted from the economy as 
a whole. These energies, i d e n t i f i e d  as energy subsidies, can take two forms: 
(1) energy subsidy d i r e c t  (ESD), such as the  power requi red t o  mine, clean, o r  
t ranspor t  coal; o r  (2) energy subsidies embedded i n  mater ia ls  (ESM), such as the 
s tee l  and concrete used i n  the power p l an t  and generators, the t rucks requi red 
fo r  t ranspor t ,  e tc .  These energy subsidies der i ve  i n  t u r n  from primary energy 
resources i n  the economy (PER), e.g., coal ,  o i l ,  hydro, o r  nuclear. The d i r e c t  
energy resource (DER) i s  usua l l y  o f  the same type as other  primary resources but  
i s  d is t inguished from the i n d i r e c t  resources which operate through the subsidies 
(ESD, ESM) . 
EXHIBIT 11-1 - ENERGY FLOW D I A G W I  AND 
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The boundary of the system, as shown by the dot ted l i n e ,  i s  c r i t i c a l .  This 
boundary i s  drawn i n  such a way as t o  exclude d i r e c t  energy inputs  (DEI) and 
I t  a1 so includes the energy returned t o  operate the  process (EOR) . 
One formal d e f i n i t i o n  o f  "net energy" i s  provided by C.W. Bu l l a rd  (Reference 2) 1 
as fo l lows,  "The term 'ne t  energies'  r e f e r s  t o  t h e o u t p u t o f  an energy product ion 
system determined by tak ing  f u l l  account o f  the  energy requi red fo r  inputs  t o  j 
t he  process. Energy used d i r e c t l y  as we l l  as i n d i r e c t l y  must be considered. 
Examples o f  d i r e c t  energy inc lude t h a t  used t o  power o i l  we l l s  and energy con- 
sumed i n  r e f i n i n g  processes. I n d i r e c t  energy uses inc lude t h a t  used t o  manu- 
facture the s tee l  and pipes f o r  r e f i ne r i es ,  pipe1 ines, tanker;, e tc . "  I n  t h i s  I 
d e f i n i t i o n ,  the d i r e c t  and i n d i r e c t  uses described correspond t o  tne energy I 
subsidies (ESD, ESM) described i n  E x h i b i t  11-1. The term "energy subsidy" seems ' 
somewhat more appropr iate here since there  i s  a confusion between d i r e c t  e n x g y  
as f ue l  i npu t  to '  the process and energies withdrawn from the  economy t o  operate 
the process. The term "energy subsidy" i s  a cen t ra l  concept i n  the e a r l y  work o f  
Development Sciences, Inc.  (References 6 and 7 ) .  
The net output o f  the system i s  shown i n  Equation ( 1 )  on Exh ib i t  11-1. Total  
energy output (EOT) i s  reduced by both types of energy subsidies (ESD 2 ESH) 
and by the energy returncd t o  the system (EOP). 
A l l  e q ~ a t i o n s  presented i n  Exh ib i t  i l - 1  represent the e n t i r e  energy output and 
a1 1 energy requirements over the system's 1 i fe t ime.  
Energy subsidy i s  usua l l y  expressed as a number o f  subsidy energy u n i t s  (Btu I s )  
per Btu o f  f i n a l  output and i s  ca lcu la ted as shown i n  Equation (2 ) .  
The most f requent ly  used r a t i o  i s  the "energy r a t i o "  shown i n  Equation ( 3 ) .  
This r a t i o  i s  o f t en  ca l l ed  the ne t  energy r a t i o  (abbreviated "Nu o r  "NER"). 
This r a t i o  expresses f i n a l  energy output as a mu1 t i p l e  of the t o t a l  energy 
required t o  generate t h a t  output. The term " fue l  excluded" ind icates t h a t  on ly  
the energy subsidies are considered and not  the  energy i npu t .  This i s  the key 
r a t i o  associated w i t h  the so ca l l ed  "energy l i m i t . "  If t h i s  r a t i o  i s  near o r  
below 1 .U, then the energy system produces l ess  eneryy than i t  consumes i n  i t s  
c rea t ion  and operation, even excluding the f u e l  i t  consumes. This r a t i o  i s  
t y p i c a l l y  q u i t e  h igh f o r  most p ,;- generation technologies. 
A second and much less  widely used r a t i o  i s  the  "energy r a t i o  ( fue l - inc luded) "  
shown i n  Equation (4) .  I n  t h i s  equation, the  f i n a l  energy output i s  d iv ided  by 
the sum o f  the energy subsidies plus the  d i r e c t  energy input .  Due t o  the laws 
o f  thermodynamics, t h i s  r a t i ~  w i l l  always be less  than one, s ince i t  i s  impossi- 
b l e  t o  recover a l l  the energy content of a f u e l .  The d i s t i n c t i o n  between t he  
fue l - inc luded and fuel-excluded r a t i o  i s  p a r t i c u l a r l y  s i g n i f i c a n t ,  since, f o r  
the  SPS, the two r a t i o s  are the sane. Only if the sun i s  considered t o  be a 
depletab le  fue l  resource, which i s  c l e a r l y  outs ide the  scope o f  any cur ren t  t ime 
frame, could the f u e l  - included r a t i o  be any d i f f e r e n t  than t he  f u e l  -excl uded 
r a t i o .  This i s  no t  t o  say t h a t  the energy r a t i o  f o r  so la r  systems could n o t  be 
l ess  than one. This would occur, however, on ly  if the energy subsidies exceeded 
f i n a l  energy output. 
The term "net  energy analys is"  may, i n  the  narrowest sense, be at tached t o  the 
computation of the  ne t  energy r a t i o  as i n  Equation (3) .  There i s  a widespread 
and growing consensus among energy analysts,  t h a t  t n i r  s ingle-valued approach 
i s ,  a t  best, incomplete and, a t  worst ,  misleading. Many analys ts  propose a 
broader approach t o  the problem, i d e n t i f i e d  as "energy accounting" o r  "energy 
resource accounting." Ths ob jec t i ve  the0 i s  no t  the  computation of any spec i f i c  
r a t i o ,  bu t  r a the r  simply the es t imat ion  o f  the pr imary energy requirements 
embodied i n  the energy subsidies. These pr imary energy resources (PER) are, as 
shown i n  E x h i b i t  I i - 1  , the u l t ima te  sources f o r  t he  energy subsidies (ESD & ESM) . 
The ernphasis here i s  on the  simple es t imat ion  o f  t he  pr imary energy resources 
requi red per u n i t  o f  f i n a l  energy output,  e.g., the  coal ,  o i l ,  nuc lear  resources 
requi reu per k i l o w a t t  hour. 
There a re  two measures of primary energy resources used i n  energy resource 
accounting. The general conveqtion i s  t o  measure pr imary energy resources, e.g., 
coal ,  crude o i l ,  and na tu ra l  gas, as they a re  ex t rac ted  from the  earth.  More 
e laborate  treatments deal w i t h  "resources -- i n  s i tu , "  i n c l ud ing  t he  unrecovered 
resource l e f t  i n  t he  ground. Estimates o f  pr imary energy resources 1n  s i t u  
inc lude both ext racted energy resources and those l e f t  i n  the  ground as unre- 
covered (PER p lus PEL). S im i l a r l y ,  d i r e c t  energy resources ( i n  s i t u )  represent 
the sum o f  those ext racted and those l e f t  unrecovered (DEI p l u s  REL). 
The "energy payback period," usua l l y  expressed i n  years, i s  the  t ime requi red t o  
generate f i n a l  energy output equal t o  t he  i n t i a l  energy expended i n  c rea t i ng  
the generat ion system. The equation f o r  t h i s  i s  shown below: 
6 Energy Payback ( i n  years) = ESDin i  t i a ~ + ~ ' ~ i n i t i a l  
E°Fannual -(ESDannual+Esrlannual f 
The computation o f  an energy payback per iod requi res t he  separat ion o f  t o t a l  
energy subsidy (ESD and ESM) i n t o  two components, i n i t i a l  subsidies requ i red  t o  
create the system and annual operat ing subsidies.  F ina l  energy output  (EOF) i s  
a lso expressed on av annual bas is  i n  t h i s  equation. 
Object ives 
A vatniety o f  ob jec t i ves  have been ascr ibed t o  energy analys is .  I n  t he  extended 
1 i te ra  t u r e  o f  controversy on t h i s  subject ,  the re  c r e  three general ob jec t i ves  
(conservat ion) techno1 ogies . 
f requent ly  ascr ibed t o  energy analys is :  
1. Evaluat ion o f  a l t e r n a t i v e  energy generat ion 
2. I n s i g h t  i n t o  and/or d i r e c t  p r o j e c t i o n  of the  
a1 t e r n a t i v e  courses o f  ac t ion.  
3 .  Descr ip t ion of the energy components, d i r e c t  
systems, p o l i c i e s ,  e tc .  
energy resource impact o f  
and i n d i r e c t ,  o f  proposed 
Although the  founder o f  energy analys is ,  S i r  Freder ick Soddy, d i d  imply an energy 
theory of value somewhat analogous t o  the  Marx is t  l abor  theory o f  value, t h i s  
- - - .. . - . - - - - . - -- -. .  .- . -- - - -- - - - 
I 
p o s i t i o n  i s  no t  a l l  a l l  w ide ly  held. Most energy analys ts  disavow any attempt I 
t o  use energy r a t i o s  o r  energy resource accounting as a so le  o r  even primary I basis f o r  eva luat ing a l t e r n a t i v e  systems o r  p o l i c i e s .  Rather, they see i t  as a i 
supplement t o  economic analys is  and o ther  forms of pol  i c y  analys is .  i 
I 
I With respect t o  i t s  p r e d i c t i v e  values, the opponents o f  energy ana lys is  ascr ibe ; 
t o  i t  claims t h a t  are made by few, i f  any, o f  i t s  p r a c t i t i o n e r s .  ' I 
I 
The desc r i p t i ve  func t ion  o r  ob jec t i ve  o f  energy ana lys is  i s  the  one most un i ve r -  I 
s a l l y  endorsed. The basic assumption i s  t h a t  add i t i ona l  i n fo rmat ion  can be va l -  
uable i n  dec is ion making and pol  i c y  s e t t i n g  processes. To thc  exteo-. t  t h a t  i t  i z  
cons i s t en t l y  measured and accurate, in format ion as t o  the  energy ~rnl 'ar t  o f  d i  f f -  i 
erent technologies, systems, and p o l i c i e s  can enhance our  understanding of thz 
universe. I n  t h i s  l a s t  regard, energy resource accounting s p e c i f i c a l  l y  empha- , 
s izes the  need t o  know no t  on ly  how much energy i s  requ i red  t o  produce energy 
bu t  a lso  what kinds o f  energy a re  needed. The qua1 i t a t i v e  d i f fe rences  i n  energy i 
a re  o f t e n  more important than the  t o t a l  amount o f  energy required. I 
Val i d i  t v  Issues 
A va r i e t y  o f  ph i losophica l  and methodological ob jec t ions  t o  energy ana lys is  have 
been raised. The controversy has been ex tens ive ly  documented and f requen t l y  
sumar ized i n  the  l i t e r a t u r e  (References 5, 8, 10, 11, 17, 19, 20, 22, 27, 28, 
and 30). To some extent,  t he  s t a t u t o r y  requirement f o r  ne t  energy ana lys is  
makes t h e  question of i t s  v a l i d i t y  i r r e l e v a n t .  There are, however, two issues 
i n  p a r t i c u l a r  whic, some bear ing on t he  SPS. 
Some c r i t i c s  c la im t h a t  energy analys is ,  by whatever name, adds noth ing t o  
economic analysis.  The f o l  1 owing r e p l y  stresses the importance o f  desc r i p t i ve  
analys is :  
It should be c l e a r  tha t ,  w i thou t  behavioral  hypothesis, both 
energy accounting and thermodynamic ana lys is  a re  pure ly  
desc r i p t i ve  exercises . Webb and Pearce (Reference 30) asser t  
tha t ,  as such, both a re  o f  no use. By way o f  analogy one 
might ask whether Webb and Pearce would recomnend t h a t  a l l  
cartographers and surveyors cease work as they prov ide mere 
descr ip t ions.  The important p o i n t  i s ,  o f  course, t h a t  mere 
desc r i p t i on  i s  a necessary i npu t  t o  eva lua t ion  and p red ic -  
t ion. .  . . 
Returning t o  t he  analogy o f  cartography, i t can be noted t b a t  
the  topographicai condi t ions always show up i n  economic 
condi t ions wi thout  concluding t h a t  i s  i s  always a redundant 
exerc ise t o  draw r e l i e f  maps. (Reference 5 .) 
A second and p o t e n t i a l l y  much more damaging c r i t i c i s m  o f  energy ana lys is  i s  made 
by Gerald Leach i n  a paper appropr ia te ly  e n t i t l e d  "Net Energy Analysis - I s  I t  
Any Use?" (Reference 17.) While t he  author admits t h a t  ne t  energy ana lys is  has 
never claimed relevance t o  many of the  issues on which i t  i s  c r i t i c i z e d ,  he 
asser t s  t h a t  t h e  component t o  which i t  does address i t s e l f  - t h e  i n d i r e c t  i n p u t s  
of energy t o  'upply technology - i s  r e l a t i v e l y  i n s i g n i f i c a n t .  I t  i s  h i s  f e e l i n g  
t h a t  t h i s  component, i .e . ,  t h e  energy subs id ies  (exc lud ing  f u e l ) ,  a r e  a t  o r  near 
the  no ise  l e v e l  c reated by u n c e r t a i n t y  and data inaccurac ies .  The a b s t r a c t  
notes,  however, "though a n a l y s i s  might  have some va lue i n  checking t h e  ' n e t  
r e t u r n s '  o f  very  r a p i d  l a r g e  techno log ica l  s h i f t s ,  t o  da te  they  have n o t  i d e n t i -  
f i e d  any s i g n i f i c a n t  e f f e c t s  when t h e  whole energy system i s  taken i n t o  account." 
(Reference 17. ) 
A rev ie - .  o f  t he  l i t e r a t u r e  p a r t i a l l y  supports t h i s  view. Energy subs id ies  a r e  
o f ten  low, e.g., 75-25 percent  of  ou tpu t ,  p a r t i c u l a r l y  i n  r e l a t i o n s h i p  t o  t h e  I 
ac tua l  fue l  consumption. Whether o r  n o t  t h i s  represents  "no ise"  i s  arguable.  I I I n  t he  case of t he  SPS, hcwever, i n i t i a l  energy subs id ies  t o  c r e a t e  t h e  s  stem , 
a r e  unusua l l y  h i q h  13nd the re  i s  no d i r e c t  f u e l  consumotion (Rererence S16f.> I 
I n  a d d i t i o n  ,- SPS-i s e x a c t l y  t h a t  t ype  o f  program which represents  a  " ve ry -  r a p i d  
and l a r g e  techno log ica l  s h i f t . "  For a l l  o f  these reasons, t h i s  o b j e c t i o n  may 
n o t  app ly  t o  the  SPS. 
Ph i l osoph ica l  - Methodological  Issues -
Energy Qua1 i ty  
There a r e  several  genera? issues i n  energy a n a l y s i s  t h a t  z p p l y  t o  a l l  method- 
o l o g i e s  used. The " v a l u a t i o n "  o r  "d isaggregat ion"  i ssue  ccncerns t h e  non-esuiv-  
a lence o f  d i f f e r e n t  types of energy. Energies d i f f e r  w i d e l y  i n  q u a l i t y .  I n  t h i s  
con tex t  qual  i t y  can r e f e r  t o  t h e  thermodynamic qual i t y  o f  the energy, i t s  e n v i -  
ronmental qual  i t y ,  o r  even i t s  po l  i t i c a l  qual i ty, e.g., impor t  s e n s i t i v i t y .  
Whatever methodology o f  eoergy a n a l y s i s  i s  employed, t h e  r e s u l t s  should, i n s o f a r  
as poss ib le ,  be disaggregated from t h e  t o t a l  energy requirements i n t o  t h e  d i f f -  
e ren t  p r imary  source components, e.g., coa l ,  o i l  and gas, nuc lea r ,  e t c .  The 
d i f f e r e n t  q u a l i t i e s  o f  energy almost r e q u i r e  d isaggregated es t imates  i n  energy 
ana lys i s  and s i g n i f i c a n t l y  reduce t h e  va lue of s ing le -va lued  energy r a t i o s .  
Boundary Problems 
Perhaps t h e  most pe rp lex ing  problem i n  energy a n a l y s i s  i s  e s t a b l i s h i n g  what 
c o n s t i t u t e s  an approp r ia te  boundary f o r  t h e  system under study.  Th is  boundary 
problem has several  d i f f e r e n t  man i fes ta t i ons .  
One o f  t h e  s imp les t  aspects o f  t h e  boundary problem ccncerns t h e  use o f  t h e  
energy ou tpu t  of' a  genera t ion  system t o  p rov ide  power t o  t h e  system i t s e l f  (EOR 
i n  E x h i b i t  11- I ) . ,  A c o a l - f i r e d  power p l a n t  requ i res  energy f o r  t h e  m in ing  and 
processing o f  coa l  p r i o r  t o  i t s  convers ion t o  e l e c t r i c i t y .  I n  a mine-mouth 
coa l  power p l a n t ,  t h i s  energy cou ld  be supp l i ed  by t h e  genera tor  i t s e l f  o r  
e x t e r n a l l y .  The f i n a l  energy ou tpu t  (EOF) i s  de f i ned  as t o t a l  energy o u t p u t  (EOT) 
l e s s  t h e  energy ou tpu t  re tu rned  f o r  ope ra t i on  (EOR) . 
References prefaced by an "S" a r e  general  re ferences t o  t h e  SPS which a r e  
l i s t e d  a t  t h e  end o f  t h e  e n t i r e  r e p o r t .  
I E x h i b i t  11-1, Equation ( 3 )  shows: 
EOT-EOR 
" t ie t "  Energy Ra t io  = ESD 
+ESM 
1 I f  the  boundaries he re  drawn more t i g h t l y  so as t o  exclude t h e  energy re turned,  
I t he  n e t  energy c a l c u l a t i o n s  might  be q u i t e  d i f f e r e n t .  I n  t h a t  case, t h e  energy 
1 re turned (EOR) would be zero, f i n a l  energy ou tpu t  (EOF) wou ld  qgual t o t a l  energy 
1 ouput (EOT), and t h e r e  would be a h ighe r  energy subsidy (ESD)  t o  account f o r  
ope ra t i ng  energies p r e v i o u s l y s u p p l i e d  i n t e r n a l l y  through EOR. The n e t  energy 1 r a t i o  would be s i g n i f i c a n t l y  lower.  i f ,  on the  o t h e r  hand, a l l  d i r e c t  energy 
' subs id ies  (ESD) were prov ided by t h e  power generated (an increase i n  EOR), t he  1 n e t  energy r a t i o  would be extremely h igh.  I n  d l  1 these cases, t he  ne t  energy 
output  o f  t he  system i s  unchanged. Th is  aspect o f  t he  boundary problem p o i n t s  1 up the  need f o r  e x p l i c i t  component es t imates  r a t h e r  than re1 iance on s i n g l e -  ! va lue1 ratio:. 
/ The general issues o f  where one separates e n e q y  supp l i es  from energy demands and 
I how f a r  one goes i n  measuring i n d i r e c t  evergy a r e  c l e a r l y  descr ibed by Leach: 
Net energy ana lys i s  i s  plagued by the  problem o f  what ex te rna l  
i npu ts  should l e g i t i m a t e l y  be counted, which i s  t h e  same as 
asking where one draws the  bound.~ry  between energy supply and 
demand. The s o l u t i o n  adopted depends, i n  p a r t ,  on the  a v a i l -  
a b i l i t y  of data, b u t  main ly  on which o f  two very  bas i c  and 
c o n t r a s t i n g  i d e o l o g i c a l  a s s m p t i o n s  m e  makes .... 
The f i r s t  approach t o  the  boundary o r  count ing  problem i s  t o  
draw the boundary between t h e  energy supply system o f  f a c i l -  
i t y  being andlyzed and the  r e s t  o f  GNP .... Th is  boundary i s  
drawn au ton ia t i ca l l y  i f  a l l  i n p u t s  a r e  counted us ing  i n p u t -  
ou tput  methods s ince  these a r e  a l s o  c o n s i s t e n t  w i t h  t h e  con- 
vcn t i ona l  d e f i n i t i o n  o f  GNP. 
Th is  approach may seem reasonable a t  f i r s t  s i g h t .  However, as 
B u l l a r d  has argued, i t  r e s t s  on the  fundamental assumption 
t h a t  a l l  a c t i v i t i e s  w i t h i n  GNP a r e  i n t r i n s i c a l l y  "good" and 
t h a t  so l ong  as the re  a r e  n o t  e x t e r n a l  cos ts  and f u t u r e  cos ts  
and b e n e f i t s  have p r o p e r l y  discounted, t he  f l o w  o f  m a t e r i a l s  
and energy through GNP should be maximi ied s ince  i t  i s  n o t  
i n t r i n s i c a l l y  "bad" thereby t o  dep le te  resources stocks .... 
N a t u r a l l y ,  t h i s  view i s  s t r o n g l y  contested.  A t  t h e  concre te  
l e v e l ,  gas s t a t i o n s ,  new towns, e t c .  would n o t  be r e q u i r e d  
bu t  f o r  t h e  ex is tence o f  t he  energy sec to r  and t h e r e f o r e  a r e  
n o t  "good" b u t  "cos ts"  t o  be i nc luded  i n  t h e  energy (subs idy)  
1 oop. . . . (Reference 17) 
Considerat ions of expediency and data ava i  l a b i l  i t y  would appear t o  r e s o l v e  t h i s  
issue. Input -output  a n a l y s i s  w i  11 be needed t o  es tab l  i s h  energy requirements 
f o r  many of t h e  genera l ized aspects of SPS development. Therefore,  t h e  f i r s t  
GNP approach i d e n t i f i e d  by Leach w i l l  be used and t h e  l a r g e r  ph i l osoph ica l  
issues i nvo lved  i n  whether GNP i s  "good" o r  n o t  w i l l  be l e f t  open. 
- . . - - . . 
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Ener -Measuremen t  - -- : Thermal vs . E l  e c t r i c i i l  
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The cho i ce  and cons is tency  o f  u n i t s  i s  a  problem i n  energy a n a l y s i s  o f  a l t e r n a -  
t i v e  power genera t ion  5ystems. The ou tpu t  fron: such power gene ra t i on  sytems i s  
t y p i c 8 l l y  expressed i n  k i l o w a t t 5  (elec,: ical).  On t h e  o t h e r  hand, most o f  t he  
energy i n p u t s  a re  expres ied  i n  terms o f  thermal e re rgy ,  i . e . ,  B t u ' s  ( B r i t i s h  
thermal u n i t s )  . Tt,e "enthal  py" g r  energy va lue  of a  k i l o w a t t  ( e l j ? c t r i c a  l ) i s  
3,413 E t u ' s .  Th i s  .imp1 i s t i c  convers ion  can c r e a t e  m i s l e a d i n g  coripari:anC . 
q ince i t  r e q u i r e s  ;0,000-10,500 B t u ' s  o f  c o a l ,  o i l ,  o r  gas t o  prcduce orl: k i l o -  
wat t  ( e l e c t r i c a l  ) 3 5  most power gene ra t i on  systems a r e  o n l y  30-35 p w c e n t  e f f  i - 
c i e i ~ t  i r ~  convers ion .  I n  d e a l i n g  w i t h  f u e l  energy i v p u t s  and e l e c t r i ~ d l  e::?rgy 
ou tpu t ,  a  converasion conver- tio on must be adopted. This convers io t i  problem can 
be avoided if: (1  ) t h e  SPS i s  comparcd o n l y  t o  o t h e r  e l e c t r i c a l  q e n e r a t i t q  
systems; and ( 2 )  t h e  energy r e q u i r e i n e ~ t . ~  a r e  expressed i n  t h e  thermal l l n i t s  o 
pr imary  resources, e.cj., c o a l ,  o i l ,  e t c .  
Issues I n v o l v i n q  - the  Treatment o f  Time 
Development and o p e r a t i o n  o f  any energy genera t ing  system i n v o l v e s  : (1 ) i n i  t 
energy subs id ies ,  i n  bo th  d i r e c t  energy and e~rergy  embodied i n  c a p i t a l  equ ip-  
ment; and ( 2 )  annual o p ~ r a t i n g  energies f o r  t he  power p l a n t  i t s e l f  and f o r  
e x t r a c t i o n  and process ing  o f  f u e l  resources.  One o f  t h e  most d i s t i n g u i s h i n g  
c h a r a c t e r i s t i c s  o f  t h e  SPS i s  t h a t  t h e  i n i t i a l  energ ies  o f  deve lop ing  t h e  system : 
a re  very  l a r g e  r e l a t i v e  t o  t h e  o p e r a t i n g  energies (Reference S l 6 ) .  For  many 
f o s s i l  f u e l s  and nuc lea r  technc log ies ,  t h e r e  i s  a  l a r g e  ongoing energy c o s t  
i n v o l v e d  i n  f u e l  e x t r a c t i o n  process ing  and t r a n s p o r t a t i o n .  T rad i  t i m a 1  l y  , t h e r e  ' 
has been no a t tempt  t o  d i scoun t  f u t u r e  energ ies  t o  some p r e s e ~ t  v a l u e .  Energy 
cos t ,  i n  most energy a n a l y s i s ,  i s  t r e a t e d  as hav ing  t h e  same va lue  whenever i t  ! 
i s  expended. D iscount ing  f u t u r e  energy cos ts  would favor  h i g h  o p e r a t i n g  energy 
needs r e l a t i v e  t o  s t a r t u p  requirements;  i t  would make systems wh'ch r e q u i r e  sub- i 
s t a n t i a l  i n i t i a l  energy subs id ies ,  such as t h e  SPS, l e s s  a t t r a c t i v e .  Most 
energy ana lys t s  agree t h a t  some d i s t i n c t i o n  should be made a+ some l e v e l  between I 
i n i t i a l  and ope ra t i ng  energies,  b u t  t h a t  any d i s c c u n t i n g  should be l e f t  t o  t h e  1 
d i s c r e t i o n  o f  t he  reader.  1 
A d i f f e r e n t  t ime  i s s u e  i s  r a i s e d  i n  cons ide r ing  a  program i q v o l v i n g  sever i i l  I I power p l a n t s  i ns tead  o f  an i n d i v i d u a l  power p l a n t .  Th i s  fo rm o f  "dynamic" 1 
ene rgy  a n a l y s i s  o f  t o t a l  energy ou tpu t '  i n  r e l a t i m  t o  t o t a l  Lnergy inp lo t  t o  t h e  
program as a  whole o f t e n  chows l a r g e  energy d e f i c i t s  d u r i n g  t h e  i n i t i a l  develop-  
ment per iod ,  p a r t i c t i l a r l y  i f  t h e  energy system i s  c a p i t a l  i n t e n s i v e .  . ; ~ e  SPS 
represents  j u s t  such a  program. Even i f  each u n i t  i t s e l f  shows J l ow energy 
subsidy and/or a  reasonably r a p i d  payback, t h e  program as a whole may rep resen t  
a  n e t  energy d r a i n  on t h e  economy f o r  a  l o n g  p e r i o d  u f  t ime.  Ally ccnlp lete 
energy a n a l y s i s  o f  t h e  SFS program should n o t  o i i l y  cons ide r  t h e  energy r e q u i r e -  
ments per  f i  ve-gigawatt  sate1 1  i t e ,  b u t  a1 so t h e  energy f lows represented by t h e  
who1 e  program. 
11-3. ALTERNATIVE METHODGLOGIES 
--
A review o f  the l i t e r a t u r e  suggests t h a t  there are four  general approaches t o  
energy analysis for  power generati on techno1 ogies: 
1. Process Analysis 
2. Input-output Analysis 
3. Hybr id Analyc is, e.g. a Mixture o f  Process Analysis and Input-output 
Analysis 
Process and input-output analys is  are, techn ica l l y  speaking, techniques of  
anaiysis ra ther  than ove ra l l  mthodologies.  Eco-energetics mzy use both 
input--output analysis and process aqalysis.  It d i f f e r s  fro% the t yp i ca l  forms 
o f  energy analysis p r ima r i l y  i n  terms o f  i t s  scope. Eco-energetics attempts 
t o  include energy flows from the natura l  envi  r o n m n t  and incorporates concepts 
from ecology and system dynamics. 
A recent review of issues i n  net  energy analys is  prepared by P a c i f i c  Northwest 
Laboratories of Ba t t e l  l e  Mem~r ia l  I n s t i t u t e  (Reference 11) provides a useful  
tzbu l i r t ion on a l l  o f  the various methodological features associated w i t h  the 
energy analysis models used by various experts i n  the f i e l d .  This tabulz';on, 
which i s  reproduced as Appendix B t o  t h i s  repor t ,  categor izes each model o r  
approach by "type o f  analys is" .  This ca tegor iza t ion  p 3 r a l l e l s  the fourway 
c lass i  f i c a t i o r ~  presented above. 
Two aspects o f  t h i s  sumnary are worthy of add i t iona l  corrment. F i r s t  o f  a l l ,  
none o f  the models i s  exc lus ive ly  d process model. Although a few r e l y  almost 
e n t i r e l y  on input-output analysis,  the ma jo r i t y  of models t h a t  a r e  no t  eco- 
energetics, are i n  f a c t  "hybr id" models. None of the l i t e r a L - r e  summarized 
deals w i t h  the SPS. For the most par t ,  the so la r  a m l i c a t i o n s  c i t e d  are 
those i nvo l v i ng  decentral ized heat' appi i ca t i ons  o f  s o l a r  energy. 
Process Analysis 
"Process Analysis c m s i s t s  o f  t r ac i ng  product ion i n p u t  back through the 
i n  stepwise fashion t o  ca lcu la te  the enerqy requirements of each i npu t "  
(Reference 25) 
"It begins w i t h  an assessment of the d i r e c t  inputs  o f  coal, o i l ,  e l e c t r  
e tc .  t o  the product ion process.. . .Next, the d i r e c t  energy inputs  t o  the  
economy 
i c i  t y  
production o f  a1 1 nonenergy inputs  are tabu1 eted.   hi s-process proceeds 
ad i n i f n i  turn u n t i l  a1 1 d i r e c t  energy and i n d i r e c t  energy inpu ts  t o  the  
production (process) are counted." (Reference 2) Clear ly,  t h i s  analys is  
must be truncated because o f  the : n f i n i t e  number of steps t h a t  would u l t i m a t e l y  
be involved. 
Process analysis has i t s  o r i g i n  i n  engineering analys is  and i t  i s  bes t  app l ied  
t o  h i g h l y  qua1 i f i o d  technica l  personnel speci f i c a l  l y  fami 1 i a r  w i t h  the  actua l  
-- - 1 design. Even so, the t rac ing  of i n d i r e c t  energy inputs becomes a time 1 
I consuming and counterproductive e f f o r t  once the f i r s t  two o r  three levels  of I input are exhausted. 
For rrany materiais there i s  published data on the u n i t  energy requi remnts 
of production, e.g. BTU's/pound o r  Joules/kilogram. When process analysis 
quant i f ies the input  o f  a homogeneous material ,  e.g. aluminum of  a cer ta in  
speci f icat ien,  the analyst czn then use the published data on the energy 
i ntensi t y  o r  speci fi c energy requi rements o f  tha t  mater ial .  Energy i ntensi t y  
o r  speci fir. energy estimates may not always account f o r  a l l  i n d i r e c t  energy 
inputs to  the rr inufactur i  ng process. Another problem i s  t ha t  such estimates 
may not disaggregate the energy inputs by resources, e.g. coal, oi!, e l e c t r i c i t y ,  
To some extent, use of pub1 ished energy-intensi t y  data represents t h i s  "process 
analysis by proxy." Many forms o f  minerai ex t rac t ion  and refinement, notably 
: inc iudiny copper an3 aluminum, have been studied exhaustively. I n  those - 
: instances where the i n i  t i a l  process analysis leads qu ick ly  t o  the unfabric; ted 
b u t  ref ined mineral , i t m y  be desirable to  use energy-intensi t y  data rather  
I than continue the process analysis. 
There s t i l l  remains the question o f  how to  account f o r  the r e s t  o f  the inputs. 
For example, i n  t rac ing  back the fabr ica t ion  o f  a laurich vehicle, i t  f l ight  
wel l  be posscble t o  proceed i n  a r e l a t i v e l y  small number o f  steps t o  the 
I component aluminum, t i tani  urn, etc .  This would, however, account f o r  only a 
: port ion, a l b e i t  a po ten t i a l l y  large port ion, o f  the t o t a l  energy input  t o  
: the f i n a l  launch vehicle. One treatment of the remaining energy inputs i s  i 
, to ignore them, on the grounds tha t  the pr inary materials, p a r t i c u l a r l y  i f  
they are energy-intensive, account f o r  the vast ma jor i ty  o f  the t o t a l  energy 
: required. A secorid, and o f ten  more desirable approach, i s  t o  use input-output 
i analysis to  estimate the remaining energy inputs. 
I 
1 
Input-Output Analysis i 
I 
i Input-output an8lysis was developed i n  the ea r l y  1940's by Wasily Leont ief  
1 f o r  the study of the U.S. economy. I n  applying t h i s  technique, a nat ional  o r  
/ regional economy i s  broken d0hn i n t o  a series o f  sectors corresponding t o  the 
various i ndustry groups, f i n a l  demand, the government and in te rnat iona l  / trade. The f low o f  goods, services, and noney between these sectors i s  then 
Through the appl icat ion o f  matr ix  a1 gebra techniques, coe f f i c i en ts  
can be generate4 f o r  each sector i den t i f y i ng  the impact t ha t  a change i n  u n i t  I ::b:edtir tha t  sector w i l  1 have on the economy as a whole o r  on any other 
spec i f i c  sector 
I The appl icat ion o f  i n p u t - o ~ t p u t  analysis t o  energy analysis was pioneered by 
I Clark Bu l la rd  and h i s  associates a t  the Center f o r  Advanced Computation (CAC) 
a t  the Univers i ty  o f  I l l i n o i s .  Using the 1963 input-output table developed 
by the Burehu o f  Economic Analysis o f  the U.S. Department of Commerce, CAC 
undertook to  determine the energy conponent o f  each sector 's purchases. 
Relying pr inrdr i ly  on data provided by the Bureau o f  Mines and other  enerqy ddta 
sources, they were able t o  determine the amount o f  energy (d i rec t  and i l l d i rec t )  
associated w i th  a d o l l a r  o f  output from each sector. This measurement, 
t yp i ca l l y  expressed as BTU's per do l l a r ,  may then be used as proxy for the 
energy requirements of production. A deta i led d o l l a r  budget should make i t  
possible t o  estimate the to ta l  d i r e c t  and i nd i rec t  energies required f o r  tha t  
system. Each d o l l a r  component i s  c lass i  f i ed  by economic sector and the energy 
i n tens i t y  associated w i t h  each d o l l a r  output o f  tha t  sector i s  i den t i f i ed .  The 
sum f o r  a l l  sectors o f  energy i n tens i t y  t i m s  do1 l a r  cost by sector i s  the 
to ta l  energy requi rement i n  the simplest appl i ca t i on  o f  t h i s  approach. 
Working w i t h  Robert Herendeen, among others, Rul lard and the CAC team sub- 
sequently ref ined t h e i r  analysi5 using the 1967 input-output tables. I n  
subsequent development o f  th is  approach, CAC hds Illso changed thc forntat. o f  t h ~  
input-output tdhle so thdt for the encrqy w c t o r s  themselver, e-(1.. cod I ,  t rude 
o i l ,  gas, e l e c t r i c i t y ,  the un i ts  a w  not. BTIJ's per do1 l a r  but  rather  Bill's 
input  for f i na l  BTU's output. 
The best reference t o  t h i s  methodology i s  i n  the handbook  r re pared b , ~  Bul lC~r-d 
(Reference 4) .  I n  t h i s  tlocunrnt. the author reviews several o f  the m j o r  
sources o f  uncertainty associated w i th  input-output dndlysis.  Pr ice level  
changes can occur without corresponding changes i n  physical cluanti t i e s  of  energy 
costs. Another source o f  uncertainty i s  change i n  the structure o f  the cconomy. 
A pd r t i cu la r l y  s i  yni f i can t  source o f  uncertainty i s  chdnw i n  the tc~chnuloyy 
o f  producing goods and services, p a r t i c u l a r l y  as reqards the dwun t  of energy 
required per u n i t  of orrtput. Another s ign i f i can t  source of  uncertainty i s  
due to sector aggregation. " Ideal ly .  each I J ~ O ~ U C ~  woultl be II urlicluc. otrtput. o f  
a ULA (Business Ccnnomics Administration) sector, and t.hcrcforc! wot~ld hdve d 
unique energy coef f i c ien t . "  (Reference 4).  This i s  c!early not the case dnd 
i n  many instances the pa r t i cu la r  product associated w i t h  a p lan t  o r  system 
may represent only a small proport ion o f  sectoral  o ~ ~ t p u t  and may not  be typ ica l  
i n  i t s  energy requirements o f  the sector as whole. 
Prtsented below i c a b r i e f  1 i s  t o f  the l ilni t1l t.intis o f  input-output m i ~ l y ~ ,  i c ,  
from the sdnc reference together w i th  a b r i e f  stdtement o f  the manner o f  
adjustment: 
1 .  Pr ice level  changes. Use published sectoral de f la to r .  
2. Technology changes. Updated energy i n tens i t i es  not ye t  avai lab le 
3. Aggregation o f  typ ica l  and atypical  products i n  a s ingle sector. 
For some sectors, bu t  not a l l  o f  them, CAC has developed a table 
showing the approximate mix of the major components w i th in  the sector 
so tha t  the user can determine whether a p a r t i c u l a r  product o r  service 
i s  typ ica l  of the sector as a whole. 
4. Producers' versus gurchasers ' pr ice.  Since purchase pr ice  includes 
p r o f i t  margins, transportat ion costs, d i s t r i b u t i o n  costs. and 
insurance, CAC has attenpted t o  develop estimated margins f o r  these 
various "nonproduction" conponents o f  p r ice  f o r  selected sectors. 
5. Uncer ta in ty  i n  base year data. CAC provides e r r o r  tolerances 
(percentage o f  the mean) f o r  a subset o f  90 sectors so as t o  be 
ab le  t o  estimate the uncer ta in ty  associated w i t h  the energyldol  l a r  
i n t e n s i t i e s  provided i n  the tab le .  
Clear ly ,  the p r i m i p a l  belief i t o f  input-output energy ana lys is  i s  the a b i l  i t y  
t o  t r ap  d l 1  i n d i r e c t  e f f e c t s  w i t h  a s i nq le  energy c o e f f i c i e n t  r a the r  than hdving 
t o  fo l low through an elaborate process andlys is .  O f f s e t t i n g  t h i s  powerful 
advantage, a re  the major problems o f  aggregdtion and t ime l  iness. The sectors are 
ad111i t t e d l y  very coarse approxilna t i ons  f o r  most analys is .  Furthermore, the use 
of d data base, no n u t t e r  how c labora te ly  adjusted o r  corrected, t h a t  r e f l e c t s  
the U . S .  economy i n  1967 must be suspect.. The problem o f  t ime l  iness a r i ses  froni 1 
the long lead t ime (approximately f o l r    ears) fbr BEA t o  develop the input-output 1 
t ab le  from i t s  data c o l l e c t i o n  e f f o r t s .  Add i t iona l  t ime i s  requi red f o r  CAC t o  , 
convert t h i s  i n t o  an energy input-output mat r i x .  For example, the 1972 input -  
output tdb le  f o r  the U.S. econolily w i l l  not  he ava i l ab le  as an energy input-out-  i 
put tab le  froni CAC mti 1 some time i n  e d r l y  1979 (Reference 12). Even then, the / 
c inorqy-dolldr f low r~ la t . i ons t i i ps  w i l l  not  r c f l t w t  the technological  and p r i c e  
chmge*, ,~ssociated w i  t t i  thc cnergy c r i s i s  i n  1973-74. I t  seems unl  i k e l y  t ha t  I I input-output. encrqy ,malysis tha t  rtt f lectg, the impact o f  the energy c r i s i s  w i l l  I 
tw ,wc t i l db lc  u n t i l  sonwtinlc i n  thc! (!at-ly t o  mid-1980's. I 
i 
TO ~ , ( w I I ~ ~  vx t.i1ri t. , t.hc w(:t!r-t.,~ i n  t. it!'. C1:,lO(: i d  tet i  wi  t t i  aclgrccj,i t, ion can be o f f s e t  by 
p u r w  inq Iwoccs\ Cinc~ l y s  i s  un t  i 1 t.tic> rcqu i r e d  input i s  s u f f i c i e n t l y  homogeneous 
ctnd/or s l r f f  i c  i c n t l y  chcirdc: tcri.;t. i c  o f  i t s  scct.or t o  nl ininl ize the po ten t i a l  e r ro r s  
o f  Cicjqrc!p t ion  . 
Ih*c.,~~r.;c~ o f  the ldrqc e l  e~ncln t s  o f  ulictv-t,~ i n t y  dssoc i,i ted w i  t h  inpu t -  "I. ,plr t enerqy 
coc!ff i c  ictnt\. thorc dre III~IIY people who fee l  there i s  very 1 i t t l c  addi t iondl  
dc:c:rrrilcy obtd incd by usinq thct input  -output cotlf f i c i e n t s  f o r  a p a r t i c u l a r  sector.  
III\ t.od. they woul d Iwoporc m ,~pln-oach i n  which the process ana lys is  would be 
c:drr i trd t o  t tic po int. whcrc 1 1 II~I jor- cncrqy- int.en*, i ve  conlporwn t s  hdd been ident  i - 
f iod drid thcn f o r  the r e ~ n d i n i n ~ j  i n d i r e c t  energy, thc simple r a t i o  o f  energy per 
do1 l a r  o f  thc t o t a l  GNP can be used in<t.ead o f  ind iv idua l  sector  r a t i o s  (Ref- 
ercncc 70 ) .  
On(. i r i tcrnlediate pos i t ion ,  already noted above, i s  t o  use process analys is  up t u  
the po in t  o f  i d e n t i f y i n g  primdry raw mater ia ls ,  e.g., aluminum o r  s tee l ;  and 
thcn rr*,c> ent!rgy i n t e n s i t i e s  d r  produced by thr! input-output t ab le  i n  1 i e u  o f  
put11 ished engineering data on spec i f i c  energies. The advdntage o f  t h i s  i s  t ha t  
i t .  assures t ha t  a1 1 i n d i r e c t  cncrgies used i n  f ab r i ca t i on  a re  accounted f o r .  
Ttic t l i s a d v a ~ i t ~ q c  i s  t ha t  the r e s u l t s  m y  be d i s t o r t e d  due t o  the t ime uncer ta in-  
t i c s  tha t  character ize input-output analys is  i n  gerlcral (References 12, 13, and 
14). 
-- - - 
- 
-- -. - . -- - - - . 
1 
I n  sumnary, input-output analysis provides a conceptually elegant technique 
f o r  capturino a l l  i n d i r e c t  and d i r e c t  energies a t  the same t i n e .  I t  i s  
I 
plagued by the pr 3blems o f  uncertainty and t i m l i n e s s .  These problems may 
be reduced by pursu lag  process analysis t o  the po in t  where the economic 
sectors considered are b ~ t h  e f f e c t i v e l y  homaqeneous and s tab1 e over time. This 
I 
leads t o  the concept o f  a hybr id methodology which involves both process analysis 
I 
and input-output analysis. I I 
Hybrid Analysis: Conbining Process and Input-Output Analyses 
I Most o f  the energy analysts employing input-output analysis actual l y  use , 
the hybr id approach since process analysis i s  c l e i i r l y  necessary to determi ne I 
the d i r e c t  energy conponents o f  f i n a l  fabr icat ion, d i r e c t  energy input  to  the 
opsratinq process, and snecial i zed aspects o f  fabr ica t ion  o r  construct ion not ; 
adequateiy' dea l t  w i th  i n  h igh l y  aggregated input-output sectors. This i s  the 
approach used by Bul lard,  Herendeen, Development Sciences Inc . , Melcher, 
P i l a t i ,  and others (Referen-es 2, 3, 6, 7, 8, 12, 13, 14, 22, and 25). 
The major benef i t  o f  hybr id analysis i s  t ha t  process analysis can be confined 
to  those major v i s i b l y  energy-intensive components o f  a process. The 
components o f  the process l e f t  out can be deal t  w i t h  by input-output coef f i c ien ts  
to  capture both d i r e c t  and i n d i r e c t  energy. 
Process analysis i n  t h i s  context can deal w i th  both d i r e c t  energy inputs to a 
process, e i t h e r  the primary process o r  second o r  t h i r d  leve l  processes, and 
material  input. As the d i r e c t  energy flows are accounted f o r  and tabulated, 
the. m t e r i a l s  required can be accumulated and traced back i n  tu rn  t o  component 
mater ials and energy. Presumably a t  some po in t  i n  t h i s  process one reaches 
a su f f i c i en t l y  homogeneous o r  standardized d e f i n i t i o n  o f  mater ials so as to  be 
able to use e i t h e r  the input-output energy c o e f f i c i e n t  f o r  tha t  mater ial  sector 
O r  publ ished (engineering) spec i f i c  enerqy estimates. 
TWO remaining operational questions concern: (1) when t o  stop using process 
analysis and resor t  t o  the input-output data; and (2) whether, when the 
analyst stops using process analysis presumably because he has traced the 
process back t c  homogenous materials, he should use the publ ichsed "process" 
data on materials energy-intensi t i e s  o r  the input-output data on energy- 
i n tens i t i es  f o r  t ha t  material. 
Hi t h  respect t o  the f i r s t  question of when t o  stop the process analysis, 
Bul l a r d  (Reference 4) suggests successive tes t i ng  of uncertainty.  The CAC 
input-output tables provided e r r o r  tolerances by sector which can be supple- 
mented by the p a r t i c u l a r  analyst using the tables. I t  i s  possible a t  each 
successive i t e r a t i o n  t o  generate an estimate o f  the uncertainty i n  the f i n a l  
estimate o f  ener According t o  t h i s  approach, a ta rge t  l eve l  of  uncertainty P i s  set, e.g., t 0 i ,  and process analysis and/or disaggregation of component 
sectors i s  pursued u n t i l  t ha t  stated ta rge t  i s  reached. 
I n  the nost elegant appl icat ion o f  t h i s  uncertainty analysis, the i l t lderlying 
uncertaint ies i n  the basic data inputs are combined ~?i t h  the e r r o r  tolerances 
of  the energy-intensi t i e s  t o  develop an overa l l  estimate of uncertainty.  I n  
the case of  the SPS, the large uncertaint ies associated w i th  the inputs would 
preclude ever reaching any re f ined estimate on t h i s  basis. Nevertheless, the 
uncertainty reduction approach t o  determining the appropriate 1 imi  t s  o f  data 
refinemeilt may help to  ta rge t  those areas i n  which process analvsis should be 
pursued . 
E i  ther input-ouput energy coe f f i c i en ts  o r  other pub1 ished energy-intensi t y  
ddta m y  be used for presumably homogeneous mater ia ls .  This does not  pose a 
problem i f the twc estimates are reasonably close. Where the two estimates 
d i f f e r ,  the analyst must p ick the estimate which appears t o  best r e f l e c t  the 
current s tate-of - the-ar t  or, an ad hoc basis. There w i l l  always be some pre- 
sumption that  the energy-intensi t i e s  as derived from the i nput-output table 
w i  11 be higher than t m s e  derived from purely d i r e c t  process analysis s i ~ w l y  
because i nd i  r c c t  enerqies are always included i n  input-output estimates. 
"Eco-energe t i c s  d i f f e r s  from other  nlethods i n  net energy i n a l y s i s  p r imar i l y  by 
the inc lus ion o f  energy flows to  the process from the natura l  environment. I t 
also accounts f o r  the i n d i r e c t  energies embodied i n  goods and services provided 
by society t o  the process i n  d d i f f e r e n t  manner than process analysis o r  input-  
o u t i ~ u t  analysis.  " (Reference 1 1 ) .  Eco-ewrgetics was developed by Dr. Howard 
Odum o f  the Univers i ty  o f  F lor ida d t  Gainesvi l le.  "In the d e f i n i t i o c  o f  net  
energy held by Odum and followers, the b io log ica l  systems' behavior i s  used 
as an analoqy for  human systems' behavior and become a normative quide f o r  
energy use as w e l l .  I f  once the premise i s  granied tha t  human systerm can and 
should be modeled a f t e r  lower order b io log ica l  systems, then net  energy 
boundaries fo r  analysis are open wide to include geological tin: s ~ d l e ,  energy 
to  run hunkin comiuni t i cs ,  i n c l  uding human labor, and the opportuni t ies foregone 
by usi ng the resource i n  a less " e f f i c i e n t  way' . . . .The human system which uses th' 
leas t  energy t o  acconlpl i s h  surv iva l  w i l l  have the best chance to  survive and 
f l ou r i sh  i n  the long run. Eventually t h i s  premise, de f in i t ion ,  and conclusion 
become a moral model f o r  organized social  act ion." (Reference ('. . 
Deriving 1 argely from t h i s  d i f f e r e n t  phi losophi cal  framwork, eco-energetics 
d i  f f e rs  i n  several methodological respects from other  techniques: 
1. Energy flows from the natural  environnlent are used, e .g. ,  the energy 
value o f  the vegetation tha t  could otherwise be grown on the land 
required for the system o r  process under invest igat ion,  
2. The use of a s ing le  energy per d o l l a r  r a t i o  f o r  a l l  i n d i r e c t  input,  
e.g., the number o f  Btu's per do l l a r  GNP i n  the United States. 
3 .  The use o f  energy q u a l i t y  factors to  d i f f e r e n t i a t e  d i f ferent ,  types 
of energy where the qua1 i t y  factor represents the r e l a t i v e  usefulness 
__ _ _ 
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( a b i l i t y  t o  perform useful work) o f  the energy source, e.g., o i l  
would be a higher qua1 i t y  energy than wood o r  coal. 
4. E x p l i c i t  consideration o f  the time dynamics of  the system, e.g., 
the increase i n  pr ices associated w i t h  p a r t i c u l a r  system and the 
subsequent changes tha t  they may e f f e c t  i n  the d i s t r i b u t i o n  o f  
energy i n  the future.  
5everal key object ions have been raised t o  eco-energetics. Perhaps the m s t  
important o f  these i s  the unusually long t i m e  frame impl ied by the analogy o f  
human energy consunption t o  b io log ica l  species surv iva l  (References 5, 8, and 
17). Another c r i t i c a l  object ion re la tes  t o  the use of vegetation energy 
content as a proxy for the energy cost of pre-errpting land f o r  other uses. 
"The question rerrrains: ' I s  the value o f  society o f  the l o s t  vegetation r e a l l y  
equivale.it to  the useful enerw content?"' (Reference 11). 
Whi l e  some consideration o f  the envi ronmen t a l  changes i nvol ved i n energy 
consuming o r  producing systems i s  c l e a r l y  needed, many experts express reser- 
vations as to whether they can be meaningfully treated by the use o f  energy 
content proxies. For t h i s  and other reasons, the eco-energetics approach i s  
perhaps mw relevant t o  social  planning o r  phi losophical debate, and has not 
a'chieved widespread acceptance as a formal ana ly t i c  approach. An abstract of 
one of Dr. Odum's publ icat ions states tha t  "examination of  energy systems 
can be v i t a l  and o f  good q u a l i t y  f o r  human existence. Sharp changes i n  pub1 i c  
viewpoint and publ ic  po l i cy  are t o  be expected soon." C r .  Odum goes on t o  say, 
"we hope these overviews w i l l  provide a general way f o r  a l l  o f  us to understand 
the place of  humanity i n  nature, the responses of our system, and a way t o  
p red ic t  the future." (Cited i n  Appendix F o f  Reference 8). 
Si~mrnary and Impl icat ions for the SPS 
-- 
Hybrid analysis, involqring the use o f  both process and i nput-output analyses, 
c lea r l y  emerges as the methodology best su i ted to  the SPS. Primary re1 iance 
on process anal j s i s  i s  d i f f i c u l t  a t  best a t~d  ce r ta in l y  not warranted a t  the 
present ear ly  s ta te  o f  the SPS. On the other hand, input-output analysis, 
taken by i t s e l f ,  i s  characterized by numerous uncer ta int ies even when appl ied 
to present technologies. When appl i ed to  the unconfirmed and rap i d l y  evol v ing 
SPS techno1 ogy, these uncerta i n  t i es  would be fu r ther  con~pounded .
The hybrid approachoffers the opportunit ies t o  pursue process analysis through 
a few i n i t i a l  steps and then to use input-output analysis t o  capture i n d i r e c t  
ef fects.  I n  t h i s  context process analysis can be considered as: purely primary 
process analysis i n  which the actual energy and material  inputs to  spec i f i c  
SPS components are examined; or  secondary process analysis i n  which material  
energy-intensity data i s  co l lected and then appl ied a t  appropriate points i n  
the analysis.  
Eco-energetics would not appear t o  provide an eas i l y  appl ied  o r  widely accepted 
framework f o r  energy analysis o f  the SPS. 
11-4. PUBLISl1ED ENERGY ANALYSES OF THE SPS 
- - - - - - - -  - .-  - - - - - -  - -  
There a re  on l y  th ree  publ ished analyses o f  the energy requirements of the SPS 
t h a t  a re  even p a r t i a l l y  comprehensive. I n  the b r i e f i n g  l i t e r a t u r e  and support 
docunentat i on  provided by NASA and i t s  cont ractors ,  t he re  a re  pe r i od i c  references 
t o  energy requirements o r  "energy payback." These references a re  e i t h e r  e x p l i -  
c i t l y  incomplete o r  so general ized and inadequately documented as t o  prevent any 
eva luat ion o f  the methodology o r  data base used. 
The f i r s t  o f  three publ ished analyses i s  t o  be found i n  "A Survey of  S a t e l l i t e  
Power Stat ions"  (Reference 516). This approach, which adapted the  input -output  
methodology f o r  measuring energy subsidies used by Development Sciences Inc., 
was admi t ted ly  a f i r s t  cu t  approximation based exc l us i ve l y  on t he  d o l l a r  a l i o -  
ca t i on  of pro jected SPS costs.  
The second publ ished analys is ,  and the o n l y  one done by someone no t  invo lved i n  
the SPS design o r  eva luat ion e f f o r t ,  was performed by Robert Herendeen, of the 
Center f o r  Advanced Computation a t  the  U n i v e r s - t y  o f  J l l i n o i s .  This ana lys is  
appeared i n  two forms, f i r s t  as a r epo r t  submitted t o  the m n i t t e e  on Science 
and Technology o f  the  U.S. House o f  Representatives i n  connection w i t h  t h e i r  
hearing on H.R. 12505, a b i l l  r e l a t i n g  t o  the SPS research and development pro- 
gram. The same ma te r i a l ,  i n  a s l i g h t l y  d i f f e r m t  form, was presented a t  a 
recent symposium on energy modeling and ne t  energy ana lys is  sponsored by the  
I n s t i t u t e  fo r  Gas Technology. I n  t h i s  l a t t e r  format, i t  was one of two tech- 
nologies described i n  a paper e n t i t l e d  "Two Technologies Near the  Net Energy 
L i m i t :  Gasohol and Solar Power S a t e l l i t e  Powe,r Stat ions"  (References 13 and 14). 
The t h i r d  and most r ecen t l y  pub 
pu ls ion Laboratory f o r  NASA/JSC 
study e n t i t l e d  " S a t e l l i t e  Power 
(Reference 18). 
ished energy ana1y;is was performed by J e t  Pro- 
(Johnson Space Center) as p a r t  o f  art o v e r a l l  
System (SPS) Pre l  iminary Resource Assessment" 
based, t o  one degree o r  anot.her, on obsole te  
t i o n .  the  two more recent s tud ies re fe r  on l y  t o  
A l l  three o f  these analyses a re  
SPS reference c o n c e ~ t s .  I n  add i 
a s i l i c o n  photoce l l '  so l a r  a r ray ,  w i t h  no reference t o  the g a l l  i u n  arsenide con- 
cept. The a p p l i c a b i l i t y  o f  the energy requirenents estimates i n  any o f  these 
published repor ts  t o  the c u r r m t  reference concepts f o r  the  SPS ( e i t h e r  op t i on )  
i s  therefore h i g h l y  questionable. The f o l l ow ing  d iscuss ion i s  intended t o  
i d e n t i f y  key a n a l y t i c  problems and no t  t o  present actua l  energy estimates f o r  
the SPS. 
An I n i t i a l  Input-Output Approach: -- "A Survey o f  S a t e l l i t e  Power Stat ions"  
I n  September 1976, PRC Systems Sciences Company completed a survey of power 
sa te l  1 i t e  systems f o r  the  Energy Research and Development Admin is t ra t ion (ERDA) . 
A t  the request o f  the  c l  i e n t  a b r i e f  energy subsidy analys is  was included 
(Reference S16). To meet t h i s  key requirement w i t h i n  the  l i m i t e d  t ime frame 
ava i l ab l e  and given the  very minimal in fo rmat ion  on SPS design a t  t he  time, the  
input -output  methodology was selected. It was then and s t i l l  remains the  
quickest a~proach, p a r t i c u l a r l y  i f  the only  data avai lab le i s  an estimated bud- 
get. Development Sciences Inc. (DSI) had recent ly  completed an evaluat ion of 
several a1 ternat ive power generation technologies (Reference 7). I n  t h i s  report ,  
they had employed the input-output methodology developed by the Center f o r  
Advanced Computation (CACj . The DSI approach involved suing ingut-output analy- 
s i s  to generate estimated energy subsidies f o r  each o f  the technologies consid- 
E,-ed. The D S I  analysis was ec tua l l y  a p a r t i a l  hybr id i n  t ha t  energy pathways 
were defined f o r  th? ex,raction, pi-ocessing, and conversion o f  fue l  t o  e l e c t r i -  
c i t y  and d i r e c t  energies were ident i f ied .  For the most par t ,  however, a1 1 
materials input and much o f  the i n a i r e c t  energies were in fe r red  through the use 
o f  the input-output energy tables. 
V i r t u a l l y  the only  read i l y  avai lab le data on the SPS a t  the t ime was an estimated 
d o l l a r  budget by major system corl:ponents tha t  had been prepared by ECON as pa r t  
of a p r i o r  evaluation o f  the SPS f o r  NASA. I n  the PRC survey, the DSI method- 
ology i s  applied i n  a very approx iwte  fashion t o  the budget items set  f o r t h  
i n  the ECON cost estimate. Several o f  the c lass ic  uncer ta int ies associated w i th  
input-output analysis applied. F i r s t  o f  a l l ,  there was a high degree o f  inappro- 
p r i a te  aggregation i n  the sectors. For example, the substant ial  volume o f  alum- 
inum proposed for  use i n  space construct ion was adapted d i r e c t l y  from the alum- 
inum forming sector i n  the input-output table. Simi lar ly ,  the large k lys t ron  
or  amplitron tubes used t o  convert current t o  microwave rad ia t i on  could nowhere 
be d i r e c t l y  ident i f ied,  and energy requirement; were simply in fe r red  from a 
mixture of primary nonferrous metal, e.g. copper, and e lect ron tubes. 
These and other approximstions are shown i n  Exh ib i t  11-2 which i s  a sumnary of 
the computation o f  cap i ta l  energies. I n  t h i s  context cap i ta l  energies r e f e r  t o  
those i n i t i a l  energies expended t o  launch the SPS and b u i l d  the rectenna s i t e .  
The only items excluded are those involved i n  operations and maintenance which 
appear t o  be q u i t e  small. 
The table i t s e l f  shows reasonably c l e a r l y  the methodology by proceeding from 
cost item t o  do1 l a r  cost t o  a1 locat ion by sector t o  energy requirement by type 
o f  energy. These data are taken d i r e c t l y  from the o r i g ina l  reference. 
Fr rnr  tolerances and the resu l t ing  variance i n  t o t a l  energy requirement have been 
added as the f i na l  columns t o  Exh ib i t  11-2. They are presented i n  order t o  show 
which sectors contr ibute most s i g n i f i c a n t l y  t o  the uncertainty o f  the f i n a l  
estimate. The most s ign i f i can t  e r ro r  tolerance i s  not from the CAC reference but 
rather  a r b i t r a r i l y  imposed by the consultant on the solar  c e l l  blanket component 
of the solar  array. The untested technology, substant ial  need f o r  qua1 i t y  con- 
t r o l ,  and other factors suggest t ha t  the i n i t i a l l y  supplied value i s  probably 
not even t h i s  accurate. Other e r ro r  tolerances are taken from CAC data 
(Reference 4).  
Even without considering the uncer ta int ies i n  the data or  the problems o f  aggre- 
gation, there could be as much as a 12 percent error .  I n  addi t ion t o  the solar  
array, other sectors which contr ibute s i g n i f i c a n t l y  t o  t h i s  uncertainty include 
aluminum forming, in t rganic chemicals (used as a proxy f o r  l i q u i d  gas fue ls ) ,  
and new construct ion ( u t i l i t i e s ) .  
EXHIBIT 11-2 - CAPITAL ENERGIES FOR SPS BY MAJOR COMPONENT1 
(5-GW Sate1 1 i te-1976-Gall  ium) 
A l l o c a t ~ m  by S e c t o r  Ener- ~ircqurrencncs 1 1 3 ~ ~  ~ t u )  var iance  o f  
Crudt  llj'dro- 
S o l a r  Array 
Blankets  
Concent ra tor  
Scruc:ure 
.%St 
P e r  rm:. s tudy 22.35 47 .72  8 .60  
2831 ?las:~:s 2 . 0 3  5.72 0.58 
1838 Llminum F c m i n q  8.51 13 .10  4 .34  
1 . 2 1  3808 Almrnum Forminq 2.36 a -
35.25 70.18 1 4 . 7 3  
~ : r r . s m l t t i n q  Antentd 
SZ-Rf C o n v e r t o r s  
Other  Compnents  
COO1 A i r c r a f t  1 .15  2.16 0 .39  
5703 E 1 c c t r o r . a ~  Comp. 1 .43  2.86 0.46 
4603 I l o i s t s /  Cranes 3.59 3. 22 0.46 
5604 R a d ~ o - N  Kguipnent 0 .32  0.65 0 .11  
0.16 5703 E1ec:ronic Corp. 0.50 3 -
5.09 9 .89  1.58 
Assembly Cgurpmnt  
3809 Nanl r r rous  ~ c t a l s  
6001 A i r c r a f t  
5703 E l e c c r o n l c  Conp. 
- G r n c r a l  A c t ~ c l t y  
3009 ? o n f e r r o u s  Metals 
6031 Alrcra!: 
5703 C l e c t r o n r c  Comp. 
7701 Inorqanlc  C W m .  
6103 R a d ~ o - N  COvmn. 
- Ccncrnl A c t r v l t y  
27.33 3 
1 0  .05 3 
12 .93  3 
6 .00  I1.A. 
16.15 3 
5 . 4 8  3 
7 . 0 7  3 
16.79 4 
2.60 13  
4 2  97 N.A. 
-
156.64  
F l ~ p h t  C o s t s  
Personnel ( I n c l u d e d  e l ~ e r h c r e l  
P r c e l v l n g  Antenna 
Peal E s t a t e  
S l t c  P r e p a r a t ~ o n  
S u p p r t  S t r u c t u r e  
Rr-DC Subarrays  
Poder I n t e r f a c e  
Pt!a¶e Front  C o n t r o l  
m t a l  
7101 ~ e r l  t s c a t -  0.54 1.00 0.08 
1133 New Cons:. ( U t i l . )  0.57 1 . 2  0.10 
1103 New Const.  fLlcil .1 8.09 18.22 1 .46  
4210 Metal  F o i l  r Lcal  12.95 25.29 3.79 
1103 New Const. f u t ~ l . )  3.32 7.51 0 . 6 0  
0 .O8 5701 C l r c .  S w ~ t c h  Gear 0.41 -
25.70 53.72 6.11 
T o U l  N1 Cost I t e n s .  
Note: N.A. i n d i c a t e s  
- - i n d i c a t e s  
n o t  a v a i l a b l e  
n o t  appl i c a b l e  
1 A l l  data, unless o therwise noted, from Reference S16, E x h i b i t  46. 
' Taken d i r e c t l y  from: Clark,  W .  B u l l a r d ,  Peter  S .  Penner, and David A. P i l a t i ,  
Energy Ana lys is :  Handbook f o r  Combining Process and Input -Output  Analyses, Center 
fo r  Advanced Computation, Un ive rs i  t y  o f  I 1  1 i no is  a t  Urbana-Champai gn, (CAC Document 
No. 214), October 1976, Table A-7 (To ta l  Pr imary) ,  pp. 65-66. I f  s p e c i f i c  SIC 
code n o t  show,  f i g u r e  f o r  more general SIC code used. 
2 
' ~ l  l a n  D. Kot in ,  Economic Consul tants es t imate .  
'+ 
Computed as product  o f  energy requirements, t o t a l  and e r r o r  to le rances.  
Other problems revealed by t h i s  analys is  include the h igh degree of aggregation 
and occasional ly inappropr ia te  a1 locat ions o f  cost  i tern t o  speci f i c  sectors.  
The use o f  a i r c r a f t  and e lec t ron i c  corrponents as proxy f o r  space s ta t i ons  and 
modules; the  use o f  h o i s t  cranes, r ad io  equipment and e lec t ron i c  components f o r  
space assenbly systems, are on ly  two exanples of the type o f  gross approximation 
t h a t  was requi  red. 
I n  sumnary, t h i s  analysis ind ica ted  t h a t  some type of  comparison can be drawn 
i n  a r e l a t i v e l y  shor t  t ime from a budget. A t  the s a m  t i m e ,  however, the 
coarseness o f  the budget i n p u t  and i t s  i nappl i cab i  1 i t y  t o  the sectors i n  the 
input-output table, se r ious ly  l i m i t  the accuracy and re l iance  which can be 
placed OR the concl usions. 
This h i g h l y  abbreviated ' i  nput-output based analys is  concluded t h a t  the SPS 
requi red an energy subsidy o f  approximately 15.9 percent. This compared 
favorably w i t h  estimates developed by DSI f o r  most competi ng technologies. 
The on ly  technologies w i  t h  lower energy subsidies were qeothernial and q t r i p  mined 
coal w i t h  a mine mouth power plant.  
Two problems were encountered i n  the  f i n a l  comparisons presented i n  the PRC study 
I n  the DSI analysis ol' e l e c t r i c a l  generating systems, a 20-year l i f e  i s  
assumed. The SPS concept i s  predicated on a 30-year 1 i f e .  Since i n i t i a l  
( c a p i t a l )  energies are greater i n  the  SPS than i n  most o ther  generation 
technologies, the l i f e t i m e  over which t o  amortize these i s  p a r t i c u l a r l y  c r i t i c a l .  
For example, the energy subsidy f o r  the SPS increases by almost 25 percent i f  
the cap i t a l  ( i n i t i a l )  energies are amortized over 20 ra ther  than 30 years. 
This po in ts  o u t  the need f o r  a comnon time frame o r  a r a t i ona l  basis f o r  us ing 
d i f f e r e n t  time frames i f  power generation technologies are t o  he compared as 
t o  t h e i r  energy requirement. 
A second and c lose ly  r e l a ted  problem concerns p l a n t  o r  load f ac to r  assigned 
t o  each power p lan t .  I n  the DSI methodology and i n  most power p l a n t  evaluat ions, 
load fac to rs  o f  80 percent o r  less are used. A t  the t ime of the PRC survey, 
the "nominal 'I load f ac to r  f o r  the  SPS was 95 percent. Subsequent research 
i n t o  occul t a t i o n  e f fec ts  and maintenance requirements i nd i ca te  a load f a c t o r  o f  
92 percent . 
A Mater ia l  s-Energy Approach With Accompanying Uncertainty:  The Herendeen Paper 
The two pub1 ished references cover ing t h i s  research expl i c i  t l y  s t a t e  t h a t  the 
f ind ings  are on ly  p re l im inary  i n  character, t h a t  the  research i s  cont inuing, 
and t h a t  t he  number o f  inputs  t o  the analys is  i s  a r b i t r a r i l y  l i m i t e d  i n  the 
i n t e r e s t  o f  expediency. (References 13 and 14). Dr. Herendeen f u r t h e r  r e i n -  
forced these important qua1 i f i  c a t i  ons i n  subsequent personal comnuni cat ions.  
He went on the s t ress  t h a t  the presentat ion o f  t he  SPS, along w i t h  t he  gasohol 
technology f o r  enr i ch ing  gasol ine w i t h  g ra in  alchohol, was selected f o r  pre- 
sen ta t ion  a t  the IGT  synposium only because they appeared t o  represent examples 
o f  technologies t h a t  approached the energy 1 imi  t, i ,e., cou ld requ i re  more 
energy than they produce. A t  t he  presentat ion o f  h i s  paper, Dr. Herendeen 
modif ied h i s  f i nd ings  and p a r t i a l l y  reversed h imse l f  on t he  quest ion o f  whether 
o r  no t  the  SPS a c t u a l l y  approached the energy l i m i t .  
The actua l  energy r a t i o s  are t o  some ex ten t  i r r e l e v a n t  i n  any case. What i s  
p a r t i c u l a r l y  s i g n i f i c a n t  about t h i s  paper i s  the types of assumptions t h a t  
the author had t o  make, h i s  t reatment o f  w c e r t a i n t y ,  and the spec ia l  problems 
he encountered i n  a t tempt ing t c  apply h i s  methodology t o  t he  SPS. 
The f o l l o w i n g  quo ta t ion  provides an overview o f  both the methodology employed 
and some o f  the problems encou rn te r~d :  
The SPS.. . .has been s tud ied  a t  a low l e v e l  s ince i t s  proposal i n  
1968 and was the sub jec t  o f  congressional hearings i n  A p r i l ,  1978. 
I t  has t he  obvious advantage of  a1 most complete1 y un in te r rup ted  
i n s o l a t i o n  i n  i t s  posynchronous o r b i t .  Design concepts a re  
ambit ious:  t y p i c a l l y  one t a l k s  o f  5-10 GW capac i ty ,  w i t h  an a r ray  
s i z e  i n  space of 100 km2 and a receij:Sng antenna (rectenna) o f  100- 
200 km2. It goes w i  t h o ~ t  saying t h a t  any design data a re  somewhat 
uncer ta in .  
I have a t  empted an energy ana lys is  based on ava i l ab l e  pub l i ca t i ons .  F Because o data unce r t a i n t i es  I have used a r a t h e r  aggregated 
approach i n  which the  SPS i s  character ized by  f i v e  'modules' ( f o r  
example, t ranspor ta t ion  ,to o r b i t )  each r e q u i r i n g  10 mate r ia l s  ( f o r  
exanple, s i l i c o n  fo r  s o l a r  c e l l s )  and whose ove ra l l  requirements o r  
performance are governed by e i g h t  parameters ( f o r  exanple, h d l f  
l i f e  o f  s o l a r  c e l l s  i n  space). 
Besides fuzzy data mater ia l  requirements, because the p r o j e c t  i s  
so f a r  i n  the fu ture the energy i n t e n s i t i e s  o f  these mate r ia l s  are 
a l so  very fuzzy.. . .given t h i s ,  t he  on l y  response i s  t o  per form an 
elementary e r r o r  analysis. .  . .(Reference 14). 
A ca re fu l  review o f  t h i s  paper, combined w i t h  subsequent discussions w i t h  the 
author, reveal  the fo l lowing elements i n  h i s  analys is :  
1. The energy ana lys is  i s  based exc l us i ve l y  on the energy requirements 
o f  key mater ia ls ;  mate r ia l s  energy i n t ens i ve  are taken from the  CAC 
inpgt -output  ana lys is  and i n c l  ude i n d i r e c t  energies. 
2. Not a l l  mate r ia l s  invo lved  i n  the  SPS are considered 
3. The SPS concept ~ v o l u a t e d  i s  the s i l i c o n  concept, s ince there  i s  no 
mention o f  gal 1 i um. 
4. The reference concept f o r  t h i s  analys is  was the  1976 Johnstn Space 
Center concppt i n v o l v i n g  10-SW sa te l  1 i t e s  t o  be const ructed a t  the 
r a t e  o f  2-4 pe r  year  f o r  a t o t a l  development p l an  o f  112 sate1 1 i tes.  
5. The ana lys is  i s  s p e c i f i c a l l y  and appropr ia te ly  concerned w i t h  pe r f o r -  
mance c h a r a c t e r i s t i c s  o f  the sate1 1 i te, notab ly  the degradation o f  
the s o l a r  c e l l s  i n  o r b i t .  
This l a s t  p o i n t  i s  o f  some concern s ince  the  a u t h o r ' s  es t ima te  o f  t he  degra- 
da t i on  o f  t h e  s o l a r  c e l l s  i s  h i s  own and does n o t  r e f l e c t  t h e  c u r r e n t  re ference 
concept e f f i c i e n c y  parameters. I n  the  c u r r e n t  design, the  SPS o u t p u t  capac i t y  
w i l l  a c t u a l l y  be somewhat ove rs i zed  i n i t i a l l y  and t h e  s o l a r  c e l l s  w i l l  be 
p e r i o d i c a l  l y  r e p a i r e d  through a  spec ia l  anneal i n g  process.  The average o u t p u t  
t o  the u t i l i t y  g r i d  o f  the SPS system should t h e r e f o r e  be mainta ined a t  i t s  
design l e v e l  throughout i t s  30-year 1  i f e t i m e .  
This i s  b u t  one o f  several  problems r a i s e d  by  Dr .  I lerendeen's s t r o n g  emphasis I 
on u n c e r t a i n t y  a n a l y s i s  i n  the energy a n a l y s i s  o f  the SPS. E x h i b i t  11-3 1 
reproduces a  1 i s t  o f  i n p u t  v a r i a b l e s  whose u n c e r t a i n t i e s  were taken i n t o  account 
i n  Dr. Herendecn's a n a l y s i s .  Two of t he  i tems on t h i s  l i s t  a r e  a l ready  I 
i m p l i c i t  i n  h i s  t rea tment  o f  o u t p u t  degradat ion  ( i t ems  1  and 6, c,olar 
c e l l  h a l f  l i f e  and c e l l  a t t r i t i o n ) .  The v a r i a t i o n s  i n  t h e  r-ectenna area and 
the s o l a r  c e l l  th ickness are. themselves sonlewhat p rob lemat i c .  So la r  c ~ l l  I 
th ickness has an extremely powerful e f f e c t  on m a t e r i a l s  requ i  r e m n t s  and, I 
i n d i r e c t l y ,  on t r a n s p o r t a t i o n  requirements.  
The u n c e r t a i n t i e s  assoc ia ted w i t h  energy i n t e n s i t i e s  ( I tems 6  through 17 on 
the Table) a re  more a p p r o p r i a t e l y  the  concern o f  the energl  ~ n a l y s t  th3n some ' 
o f  t h e  performance parameters o f  the SPS. Even here, howevtb., t he re  a r e  several  i 
areas i n  which a d d i t i o n a l  research i s  m a n i f e s t l y  needed. The use o f  a s i n g l e  I 
"energy i n t e n s i t y "  f o r  e l e c  t r ~ n i c  p a r t s  f o r  a p r o j e c t  t h i s  heterogenec!us 
c l e a r l y  poses a  problem o f  aggregat ion.  S i m i l a r l y ,  t h e  wide ranges i n  energy j 
i n t e n s i t y  assoc ia ted v i  Lh s i  1 icon,  1 i q u i d  hydrogen and argon shou ld  be reducable , 
through f u r t h e r  research.  Adni t t e d l y ,  t h i ~  was o n l y  an i n i t i a l  appror imat ion  1 and no a  tternpt was made a t  re f inement .  I 
The f i n a l  i tcm on the 1  i s t  o f  u n c e r t a i n t i e s  i s  p a r t i c u l a r l y  s i q n i f i c a n ,  1 
because i t  again deals w i t h  t h e  a m u n t  o f  c r e d i b i l i t y  t h a t  should be q iven t o  1 
t he  reference concept. I n  subsequent conversat ions ,  Dr. Herendeen ind ' icated I 
t h d t  t h e  range o f  1-2 a s s i g m d  t o  "ma te r ia l  q u a n t i t y "  r e a l l y  a p p l i e d  t o  the ! 
amount o f  ma te r ia l  t h a t  would have t o  be 1  i f t e d  i n t o  o r b i t  and were used then I 
as p rox ies  f o r  v a r i a t i o n  i n  the  h i g h l y  energy i n t e n s i v e  f u e l  requ i rem!nts  of  I 
l t iunch and i n t e r o r b i  t a l  t r a n s p o r t a t i o n .  I i 
There i s  a  r e a l  ques t i on  as to  whether l a r g e  u n c e r t a i n t i e s ,  o r  any uncer t .a in t ies  1 
f o r  t h a t  ma t te r  should be assigned t o  " t a r g e t "  parameters o r  design speci  i c a -  1 
t i o n s  i n  t h e  re ference concept. A t t a t c h i n g  e r r o r  t o l e r m c e s  o r  "range va lues"  1 
t o  key performance paramecers o f  the SPS can have an ex t remely  powerfu l  e f f e c t  
on the  r e s u l t s  o f  any energy a n a l y s i s .  Such performance u n c e r t a i n t i e s ,  
p a r t i c u l a r l y  when compounded, c rea te  c r e d i b i  1 i t y  p r o b l e t ~ s  even f o r  an i 11 u s t r a -  
t i v e  energy a n a l y s i s  o f  t he  SPS. 
I 
The problem o f  c,oinpounding u n c e r t a i n t i e s  was acknowledped by the  author .  A t  
t he  p resen ta t i o r i  of  t h i s  paper, he  presented a  re f inement  o f  h i s  a n a l y s i s  i n  
which the  u n c e r t a i n t , ~  range was narrowed. Ins tead o f  assuming t h a t  a1 1  the 
wors t  values would apply concur ren t l v  or* t h a t  a l l  the  b e s t  values would app ly  
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concurrently, he appl ied a random s imi l  a t  ion  (Monte Carlo) technique t o  
generate a m i  xed d i s t r i bu t i on .  
The s u m r y  resu l ts  of the paGer, together w i t h  the changes e f fec ted  by the 
Honte Carlo treatmeat of uncertainty, are shown i n  Exh ib i t  11-4. The 
"energy ra t io " ,  defined on the table, appl ied t o  the e n t i r e  l i f e t i m e  of the 
SPS. I n  h i s  i n i t i a l  e s t i m t e s ,  t h i s  energy r a t i o  var ied from 0.5 t o  9. 
A f te r  appl icat ion o f  the Monte Carlo techpique s imulat ing a random d i s t r i b u t i o n  
o f  extremes, the range narrowed t o  0.7 and 3.9. 
Energy ra t i os  are presented on a "fuel-included" and a "fuel-ex'cluded" basis. 
For so lar  systems, there i s  no d i  f fe rmce between " fuel  included" and " fuel  
excluded" ra t ios .  Therefore, the SPS energy r a t i o s  on a " fuel  included" basis 
are substant ia l ly  higher that1 a l l  the other technologies which are, by thermo- 
dynamic lax, s i g n i f i c a n t l y  i ~ d e r  1.0. Which o f  the two r a t i o s  i s  be t te r  i s  a 
po l i cy  decision, but  even t h i s  b r i e f  analysis suggests tha t  both ra t i os  should 
be preseqted. 
The second major de f i n i t i ona l  problem re f lec ted  i n  the author 's analysis 
concerns the equivalent energy value o f  e l e c t r i c a l  output. The " f ree energy" 
content cn enthalpy nf  k i l o w a t t  hour (e lec t r i ca l )  i s  341 3 Btu. I t  therefore 
appears technical ly  accurate t o  present energy r a t i o s  f o r  power by 3413 and 
comparing t h i s  product t o  the eaergy requirements as expressed i n  Btu's.  
Thcce i s ,  however, po ten t ia l  problem associated w i t h  t h i s  apparently s t ra igh t -  
fo rh- rd  conversion. Converting t o  e l e c t r i c i t y  t y p i c a l l y  requires the expenai- 
ture of approximately 10,003 Btu per kwh since the thermal e f f i c i ency  o f  
energy conversion i n  f o s s i l  fuel  power p lants i s ,  a t  best, approximately 352. 
I n  the course o f  h i s  prclsentatlon, Dr. Herendeen acknowledged t h i  s po ten t ia l  
inconsistency and restated h i s  eoergy r a t i o s  t o  account f o r  the f a c t  t h a t  the 
energy requirements were a l l  measwed i n  thermal values whereas the energy 
output, without subsequent adjustment, was measured i n  the thermal equivalent 
o f  e l e c t r i c a l  values. The resu l t i ng  change, as shown i n  Exh ib i t  11-4 raises 
the SPS energy r a t i o s  t o  a range o f  2.1 t o  11.7 w i t h  an intermediate value o f  
6.6. The same increase by a factor  o f  three a lso appl ies to  the energy r a t i o s  
used f o r  other energy technoiogies. Unless the outputs o f  the processes 
being compared are no t  comnonlj defined, e.g., kwh (e lec t r i ca l )  o r  kwh (thermal), 
t h i s  de f i n i t i ona l  issue c r e a k -  severe problems. 
I n  h i s  presentation o f  two very d i f f e r e n t  technologies, the SPS and gasohol, 
Dr. Herendeen took the opportunity t o  address several other problems i n  energy 
analysis by contrast ing the two processes under examination. I n  one instance 
he compared selected aspects of the two system under study inc lud ing  t h e i r  
size, cost, regional s u i t a b i l i t y ,  and vested in te res ts .  I n  another pa r t  o f  the 
analysis he reviewed the methodological problems associated w i t h  applying 
energy analysis t o  the two processes. The conparisons he mde are summarized 
i n  E x h i b i t  11-5. 
EXHIBIT 11-4 - SPS ENERGY RATIOS: HERENDEEN 
(1C GW S a t e l l  i te -1976-Si l  i con)  
Coal F i  red Power 
P lant  
L i g h t  Water 
t i t iclear P lan t "  
Ccnb i ned 
Coal F ina l  
P!.;rnt3 
SPS ( I n i t i a l  w i t h  
Maximum Range) 
Best 
In termediate5 
Worst 
SPS ( w i t h  Randomi zed 
Uncer ta in ty)  
Best 
I n t e r m d i a t e  
Worst 
ENERGY RATIO ' ENERGY RATIO ' 
( a t  3.41 3 Btu/Kwe) ( a t  10,239 Btu/Kwe) 
-- 
Fue 1 Fuel 
I nc 1 uded Excl uded Fuel Excluded 
Not 
Stated" 
ER = E l e c t r i c  Enerqy Del ivered over L i f e t i m e  Primary, non-renewabl e energy requi red t o  cons t ruc t  and operate f a c i  1 i ty 
Computed as per  Note 1 w i t h  the  e l e c t r i c a l  output  (numerator) m u l t i p l i e d  by three 
( 3  x 3,413 = 10,239) t o  r e f l e c t  t he  eneroy content o f  the f o s s i l  fuel required 
t o  generate the equ iva len t  e l e c t r i c i t y  a t  a nominal e f f i c i e n c y  o f  33%. 
Source: Reference 25 
4 A l l  extremes o f  range values assumed t o  occur simultaneously; subsequently 
modified by author i n  p r e s e ~ ~ t a t i o n .  
Calculated us ing a r i t hme t i ca l  averages o f  a1 1 var iab les expressed as ranges. 
' D i s t r i b u t i o n  o f  extremes f o r  range var iab les assunled t o  be more random 
through use of Monte Car lo  method. 
SOURCE: References 12 and 13. 
EXHIBIT 11-5 - METHODOLOGICAL PROBLEMS Iri ENERGY 
ANALYSIS OF TWO TECHNOLOGIES: HERENDEEN 
Com~arison of Selected Aspects o f  SPS and Gasohol: -
- 
ASPECT SOLAR POWER SATELLITE @SOHOL 
T48 10-GW Sate1 1 i tes-Si 1 icon) 
1. Output E l e c t r i c i t y  L iqu id  Fuel 
2. Solar conversion Photovoi t a i c  c e l l  s 
process 
3. Relat ive s ize  Col lector  and Rectenna o f  order Typical d i s t i l l e r y  (o f  order 
100 km? (10 GW output) lo ' *  M2) producinq o f  order 
20 x 106 gal /yr .  
4. Capital cost  $1 0-50 Bi 1 1 ion  
5. Potent ia l  energy A l l  U.S. e l e c t r i c i t y  
cont r ibu t ion  
510-20 M i  11 ion  
2;; o f  present gasol ine (crop 
surplus l i m i t a t i o n )  
6. Regional s u i t a b i l i t y  --- Grain be1 t sta les 
7. Vested in te res ts  NASA, aerospace con t rac tors  USDA, agr icu l  ture lobby 
8. Time scale to  implement 30-50 years 1-2 years 
9. Uncertainties i n  data High Low 
Methodological problems i n Energy Analysis: 
1. Speci f icat ion o f  Should research costs be Shauld agr icu l  t u ra l  energy 
sys tem boundary i ncl  uded ? be i ncl it :e d? 
2. Comparison o f  E l e c t r i c i t y  out  vs. foss i l  Should process be eval u a t ~ d  
d i f f e r e n t  energy fuel  i n .  as a petroleum-like fuel  
types producer only? 
3. Consideration o f  W i l l  e l e c t r i c i t y  be used i n  Does gasohol get be t te r  miles- 
end use heat pumps? per-gal 1 on than gas01 i ne? 
4. Consideration o f  
j o i  n t  product 
How i s  energy "content" o f  feed 
by-product counted? 
5. Confusion o f  energy Compl i ca ted by SPS 's expected - - 
payback w i th  energy decrease i n  output over l i f e t ime  
r a t i o  
6. Inc lus ion o f  fuel  i n  This i s  not a problem wi th  these so la r  technologies bu t  
energy r a t i o  i t  i s  f o r  competing foss i  1 -based technologies 
7. Dynamic e f fec ts  (from 
ambitious b u i l d i n g  
programs) 
(Potent ia l l y ,  a1wa.y~ a problem) 
A '  
8. Question o f  negative - - - I, f.* Should feed by-product energy 
costs vs. pos i t i ve  be subtracted from input? 
benef i ts*  
*(This does no t  change balance bu t  does change enelegy rat io.)  Source: Reference 13. 
-GO- 
: 
i 
I 
Item 7 on h i s  1 i s t  o f  methdological problems i s  o f  p a r t i c u l a r  iwo r tance  t o  I 
the SPS. "Calculation o f  ER (energy ra t i os )  masks the  time evolut ion of ! 
energy output and input . "  (Reference 14). Although the author i s  re fer r ing  ! 
p r imar i l y  t o  the potent ia l  decrease i n  x t p u t  associated w i t h  so lar  c e l l  ! 
degradation, the issue he ;aises i s  of considerable inportance even if constant ! 
output i s  assumed even through the annealing process. The po in t  remains tha t  
the SPS program i s  an anbit ious one i n  which addi t ional  un i t s  w i l l  be added 
year ly  f o r  t h i r t y  years. It may be some tim, therefore, before the conbined 
energy output o f  the operating SPS f u l l y  o f f se ts  the very substant ia l  energy 
requirements associated w i th  the on-going fabricat ion, launching and assembly 
o f  the uni ts .  
The e n e r v  i n tens i t i es  used by the author are not  the r e s u l t  o f  process analysis 
o r  specif ic industry study. Instead, they are taken from the input-output 
analysis developed by the-author and h i s  associates a t  the Center f o r  Advanced 
Conputation o f  the Univers i ty  o f  I 1  1 ino is .  I n  subsequent discussions, the 
author stated tha t  whi le he f e l t  t ha t  the appl icat ion o f  energy i n tens i t i es  per 
d o l l a r  of output i n  gross sectors was inappropriate, he d i d  feel t h a t  the input- 
output approach w i th  the energy correct ions t h a t  have been appl ied t o  the  1967 
data represented a sound working approximation o f  t o t a l  energy requirements. 
He stressed tha t  by using the input-output r a t i o s  re la ted t o  physcial quant i t ies 
rather  than current dol lars,  i t  was possible t o  account f o r  the i n d i r e c t  ener- 
gies as wel l  as the d i r e c t  energies. He drew a care fc l  d i s t i n c t i o n  between 
t h i s  aporoach and addi t ional  process analysis which becomes extremely cos t l y  when 
used t o  e;+imate i n d i r e c t  as wel l  as d i r e c t  energy input. 
Perhaps the best smnary o f  the research embodied i n  these two references 
provided by the conclus'on t o  the paper submitted t o  Congress : 
To sum up; (1) The SPS seems t o  be more e f f i c i en t  than 
conventional cool o r  nuc i ear techn~ logy i n  u t i  1 i z i n g  
f o s s i l  fue l  t o  produce e l e c t r i c i t y  '0  suggest t h a t  i s  
should be compared wi th  other solai  ihnologies. 
(2)  The SPS seems a t  l eas t  as suscep, L l e  and very l i k e l y  
more susceptible, as conventional coal o r  nuclear e l  ec- 
t r i c i t y  t o  dynamic problems. (3) The uncerta int ies of 
actual materials requirements are so la rge and produce o 
l a rge degree of uncertainty w i th  regard t o  the  energy 
r a t i o .  For good comparison these uncerta int ies should be 
reduced. (Reference 14. ) 
The only observation t h a t  need be added t o  t h i s  sumnary i s  t h a t  an e x p l i c i t  
po l i cy  determination should be made as t o  whether the performance parameters 
are t o  be subjected to  uncertainty analysis or taken as given f o r  ourposes of 
i n i t i a l  evaluation. 
A Different Materials-Energy Approach: The JPL "Resource A s s e s s m G  
- 
The study of resource requirements of JPL (Reference 18) has many general 
features in comon with Herendeen's analysis. It is based primarily on a con- 
version of material energy. In this instance, however, the question of indirect 
energy is treated quite differently. 1 
I 
The total energy expended for SPS ... for various materials 
resources and fuels depends on the estimated value of specific 
energy consumption ( KblhIKg) of material s used as feed-stock 
in the various systems ... the fundamental problem of ascer- 
taining the specific energy consumption of a certain material 
is a proper definition of the boundaries. If they are too 
restrictive, ... then the omission becomes very obvious. Less 
appart ~ t ,  but certainly apparent, but certainly more signif i - 
cant, is the omission ... of the energy consumed on transpor- 
tation and storage, and most of all, facilities which include 
the capital equipment and their repair and maintenance as well 
2s air conditioning, lighting, scrubbers and back-up. On the 
other hand, if the boundaries are too broad, the. energy flows 
. . .become mu1 ti-channeled with the same energy consumption 
being shared by several energy-using sectors in that society. 
Then the entries of energy-i nput-output tab1 e becomes fuzzy 
and it is easy to comnit double bookkeeping .... the ECON study 
gives the ratio of overall energy consumption versus process 
energy requirement at 2.5 for the five materials listed. If, 
according to a specific source, the specific energy consumption 
given, taking into account the process (or production) energy 
consumntion only,this number will be mbltiplied by a factor of 
2.5 to convert it to the overall energy consumption. Presumably, 
with boundaries covering all aspects of processing, transpor- 
tation and storage, and facil i ties. (Reference 18. ) 
The JPL authors also treat the electrical-thermal unit conversion problem rather 
differently. First of all, they assume that all electricity used in the develop- 
ment of the SPS should be multiplied by a factor of four tr arrive at the thermal 
energy cn-tent of fossil fuels consumed. They base this on an average thermal 
efficiency of power plants of 33 percent plus an additional adjustment factor 
for maintenance, operation, and supplies. A similar reverse adjustment is made 
in comparing theelectrical output to the thermal input. In this case, electrical 
output is multiplied by three to reflect the average one-third efficiency of the 
fossil fuel fired plants that the SPS will replace. This technique does produce 
internally consistent estimates, but is not consistent with most ether studies. 
The specific energy estimates to which this study refers are engineering esti- 
rates. They are quoted as rangec reflecting the different estimates of specific 
energy available from different sources. For two materials in particular, alum- 
inum and steel , high and low range values for the specific enerav are used. 
The findings of t h i s  study are summarized i n  Exh ib i t  11-6. The extended foo t -  
notes t o  t h i s  tab le  s ta te  several o f  the underlying assumptions used and 1 i s t  
a1 1 the indiv idual  component mater ials considered. 
I n  sumnary, t h i s  study provides some elements o f  a useful model for  how t o  
approach the problem o f  SPS energy analysis. 3 t  i s  spec i f i ca l l v  modular i n  
approach w i t h  separate analyses f o r  space systens , propel la f i t s  , rectenna systems, 
and launch s i tes .  As previously noted i n  the c r i t i c a l  mater ia ls  analysis i n  t h i s  
white paper, t h i s  study a lso represents an appropriate merging o f  mater ia ls  and 
energy analysis. 
I 
fac tor - to  der ive t o t a l  energy from d i r e c t  process energy i s  by no means univer- 
s a l l y  accepted. Secondly, the admittedly a r b i t r a r y  conversion o f  input  and out- 
put e l e c t r i c i t y  t o  thermal u n i t s  by mu l t i p l y i ng  by factors o f  four  and three, 
respect ively,  presents some comparabil i t y  problems. 
The methodology used i n  the JPL paper may, however, s i g n i f i c a n t l v  l i m i t  the 
I 
comparison o f  SPS energy requirements t o  the energy requirements o f  competing 
power qeneration techno1oqic.s. F i r s t  o f  a l l ,  the use o f  a 2.5 m u l t i p l i e r  
I 
i I 
I 
I t  remains t o  be determined whether o r  no t  the use o f  input-output energy coef- 
f i c i e n t s  can add meaningfully t o  the accuracy o f  accountins f s r  i n d i r e c t  energy 
requirements,which may be qu i te  substant ial  i n  the case o f  the SC5. Certa in ly ,  
the 2.5 m u l t i p l i e r  factor should not  be adopted without f u r the r  i n v e s t i g a t i w .  
Once again, the reader should be cautioned i n  i n te rp re t i ng  the f i n a l  r e s u l t s  of 
t h i s  analysis i n  terms o f  the cur ren t ly  adcpted reference concept f o r  the SPS. 
The nominal system used f o r  the JPL study was a 1976 Johnson Space Center con- 
cept. I t  ignores complstely the gal l ium opt ion and i s  based on a l a rge r  (10- 
gigawatt) s a t e l l i t e  produced i n  s i g n i f i c a n t l y  l a rge r  numbers (112 s a t e l l i t e s  
scaled down t o  48). It also does not incorporate several recent design changes. 
These and other issues o f  non-comparabil i t y  are dea l t  w i t h  a t  s ~ x w h a t  greater  
length i n  the discussion o f  c r i t i c a l  mater ia ls  i n  t h i s  white paper. 
Enerw Requirements o f  Space Vehicles, Rice's PNL Paper 
The l i t e r a t u r e  search conducted as pa r t  o f  t h i s  e f f o r t  was c c n f ~ n e d  p r i m a r i l y  t o  
papers deal ing e x p l i c i t l y  w i t h  the SPS o r  studies depict ing the general s ta te  
o f  energy analysis. One notable exception t o  t h i s  was a recent paper by E r i c  
Rice of B a t t e l l  e ' s Columbus Laboratories e c t i  tl ed "Energy Impact Assessment o f  
NASA's Past, Present, and Future Space Launch Vehicles" (Reference 26). I n  
t h i s  paper, the author presents a de ta i led  methodology for  est imating the  
energy requirements o f  space 1 aunch vehicles . 
This analysis i s  based p r imar i l y  on considerat ion of speci f ic  energy i n  a manner 
somewhat s im i l a r  t o  the analysis presented i n  the JPL paper on the SPS. I n  t h i s  
instance, however, the author has gone fu r the r  i n  est imatins i n d i r e c t  energy and 
has actual l y  i d e n t i f i e d  many o f  the sources o f  i n d i  r n c t  energy consumpti on 
associated w i t h  space launch vehicles. For example, he has developed funct ional  
EXHIBIT 11-6 - ENERGY PAYBACK OF 48 10-GW SPS SATELL!TES:JPL 
(1976 S i l i con  Concept) 
!iPS System Category 
- 
Space Systems 
Propellants 
Rectenna Systems 
Launch Si tes 
To t a  1 
Eii v i  de by 
Energy payback time (y r )  
L i f e  Cycle Energy Expended 
Energy 
(Gwth-~r) 
-- 
284.9 
87.5 
l,ZO9.O 
10.4 
1,591.8 
% of 
Total 
- 
Energy 
(Gwth-~r) 
X o f  
Total 
1 High/High stands f o r  high aluminum/high steel bounds o f  the speci f ic  
energy consumption. Likewise, Low/Low. 
Rectenna st ructure made o f  aluminium. 
gutput of 48 s a t e l l i t e s  each producing 92% o f  10.0 gigawatt-years annually 
(mu1 t i p 1  i ed  by three t o  correspond t o  foss i  1 equivalent) % = 10 x 480 x .92 
.= 441.6. 
Analysis based on spec i f i c  energies for the fo l low ing materials o r  groups 
o f  materials: 
A1 umi n i  um Mechanical Systems Electronics Inconel, S i l ver ,  Molybdenum 
!;tee 1 Graph i t e  Black Paint  Insulat ion,  Mylar, Glue 
Concrete S i  1 icon L iquef ied Hydrogen Gold Kovar 
C:oppe r Glass L iquef ied Oxygen RP-1 (Rocket Propel lant) 
Source: Reference 18. 
re lat ionships for  energy expended i n  design ,, development and tes t ing ,  qual i t y  
control ,  and several other  i n d i r e c t  energy costs associated w i t h  space launch 
vehicl  es. 
What i s  p a r t i c u l a r l y  s i g n i f i c a n t  about t h i s  paper i s  t h a t  i t  provides a p a r t i a l  
model f o r  independent modular treatment of various components of the SPS. The 
importance o f  such modular treatment has already been noted. This paper by Rice, 
however, provides a specif ic example of how one element i n  the SPS energy requi re 
ments analysis can be dea l t  w i th  somewhat independently of the others. His 
functional re1 at ionshi  ps speci f ica l  l y  a1 1 ow f o r  payload capacity , number o f  re -  
uses, and other fac tors  which are p o t e n t i a l l y  changing design parameters o f  the 
SPS. Given the h igh degree of i n te rac t i on  between s a t e l l i t e  design changes and 
t ransportat ion requirements, i t  seems worthwhile t o  separate the energy require- 
ments analysis i n t o  modules. I n  t h i s  separation, funct ional  re lat ionships t o  
key "dr iv ing"  var iables such as number of launches, number o f  reuses, etc.  should 
be e x p l i c i t l y  i den t i f i ed .  Subsequent changes i n  s a t e l l i t e  design can then be 
factored i n t o  the energy requi .ements o f  spirce t ransportat ion i n  a very s t ra igh t -  
forward manner. 
Impi icat ions o f  Extant Research 
Several observations may be drawn from the review o f  t h i s  b r i e f  volume of ex i s t -  
ing  research on the SPS energy requirements: 
There i s  a need t o  establ ish a reference concept w i t h  f i x e d  performance 
parameters over a su f f i c i en t l y  long period of time t o  complete a mean- 
ingfu l  energy analysis without the concept being evaluated becoming 
obsolete. 
Pol icy decisions must be made w i th  respect t o  the " i m u t a b i l i t y "  a f  the 
pertormance parameters o f  the SPS and i t s  input  requirements. Are 
uncer ta int ies t o  be t reated a t  a l l ?  If so, then who i s  best qual i f i e d  
t o  specify the tolerances? 
Any energy analysis o f  the SPS w i l l  be based t o  some s ign i f i can t  degree 
on the energy i n tens i t y  o f  major coriiponent mater ia ls :  t o  t h i s  extent, 
there w i l l  be an element o f  process analysis. 
Energy analysis o f  the SPS can be accomplished without recourse t o  
input-output analysis bgt not apparently without some major problems 
i n  the treatment o f  i n d i r e c t  energy costs. 
Certain conventions should be adopted w i th  respect t o  the u n i t s  t o  be 
used. 
The Internat ional  Federation o f  I n s t i t u t e s  of Adv6, .ed Study (IFIAS) recent ly  
considered the issue o f  consistent un i t s  (Reference 16). They recommended the 
use of the j ou le  as the measure o f  energy and the use of the "free energy" 
concept o r  enthalpy measurement f o r  a l l  the forms o f  energy. Whether t h i s  o r  
some other convention should be adopted, i t  i s  c lea r  t ha t  some ru les  should be 
es tab1 i shed. 
11-5. RECOM4ENDED APPROACH TO ENERGY ANALYSIS FOR THE SPS 
General C r i t e r i a  f o r  Se lect ing a Methodoloqy I 
A p r i n c i p a l  p re requ i s i t e  f o r  any methodology t o  be app l ied  t o  SPS energy ana lys is  
i s  i t s  a p p l i c a b i l i t y  t o  o ther  energy generat ion technologies. I n  t he  absence o f  
t h i s ,  the  energy ana lys is  of the  SPS w i l l  become an empty exerc jse o f  l i t t l e  o r  
no value t o  t he  p o l i c y  makers who must deal w i t h  numerous competing technologies.  
It may be argued t h a t  t h i s  requirement should be s ta ted  even more severely i n  1 
t h a t  no methodology should be used which has no t  a l ready been appl ied t o  o ther  I 
competing technologies.  Only i n  t h i s  manner can two important subs id iary  objec- i 
t i v e s  be achieved: the  assurance t h a t  the  methodolosv se lected i s ,  i n  fac t .  
appl i cab le  t o  o ther  technologies; and t he  min imizat ion of add i t i ona l  work i n  
making such comparisons. 
The methodology selected should lend i t s e l f  t o  a modular approach. The d i f f e r e n t  
components o r  sub-systems o f  the  o v e r a l l  SPS program should be suscept ib le  t o  
t o  separate ana lys is  and express ib le  i n  func t iona l  terms i n  r e l a t i o r ,  t o  a l i m i t e d  
number o f  key parameters, e.g., number o f  tons t o  o r b i t ,  p ropor t ion  o f  aluminum 
and/or concrete i n  rectenna s i t e s ,  e tc .  
Another key c r i t e r i a  i s  t h a t  the  methodology should be s u f f i c i e n t l y  s t r a i g h t -  
forward and mechanist ic t o  permi t  f a i r l y  r a p i d  i t e r a t i o n .  Whether o r  no t  the  
i n i t i a l  energy analys is  i s  subjected t o  formal s e n s i t i v i t y  analys is ,  i t  i s  
i n e v i t a b l e  t h a t  key design parameters w i l l  change and add i t i ona l  analyses w i l l  
be required. 
The presentat ion o f  energy requirements by type o f  etiergy, e.g. , coal  , o i l  i n d  
gas, nuclear,  etc., should a lso  be a major se l ec t i on  c r i t e r i o n .  M n y  of the 
ob ject ions t o  energy ana lys is  center  around the  use o f  a s i ng l e  f i g u r e  of me r i t ,  
e.g., a ne t  energy r a t i o .  The presentat ion of the  amount and type o f  energy 
requi red t o  develop and operate a power generat ion system i n  s u f f i c i e n t  d e t a i l  
f o r  t he  reader t o  draw h i s  own conclusions may be considered t o  be the  pr imary 
f unc t i on  o f  energy analys is .  A major i n s i g h t  t o  emerge  fro^ the  IGT symposium 
on energy model i n g  was t h a t  many o f  the analys ts  f e l t  t h a t  any r a t i o s  were 
u n r e l i a b l e  and t h a t  the key o b j e c t i v e  was t o  prov ide sound energy accounting i n  
s u f f i c i e n t  d e t a i l  t o  permit  the  po l  i c y  maker t o  formulate whatever r a t i o s  he 
f e l  t were appropr iate.  
A Recomnended Mixed Methodoloqy Approach 
I f  the  foregoing c r i t e r i a  a re  r i go rous l y  appl ied,  i t  i s  i n e v i t a b l e  t h a t  some 
form o f  input -output  analys is  w i l l  be used. F i r s t  o r  a l l ,  i t  i s  the  on l y  form 
o f  energy ana lys is  t h a t  provides useful  datc on the  d i f f e r e n t  types o f  energy 
used, e.g., coal  , o i l ,  e tc .  w i thou t  labor ious process analys is .  Secondly, i t  
has many o f  t he  v i r t u e s  o f  expediency. I f  necessary, i t  can be appl ied as 
e a r l y  as t h e  i n i t i a l  d o l l a r  l e v e l .  I t  does r e f l e c t  d i f fe rences  i n  t he  r e l a t i o n -  
s h i p  o f  d i r e c t  and i n d i r e c t  energies between sectors  t h a t  simple m u l t i p l i e r  
approaches ignore.  
Several o f  the disedvantages o f  input -output  analys is  r equ i re  t h a t  many of the 
key i n i t i a l  energy requirements o f  t h e  SPS be estab l ished by process analys is .  
The p re l im inary  analys is  i n  the PRC survey c l e a r l y  demonstrates t h e  problem of 
inappropr ia te  aggregation associated w i t h  the  d i r e c t  use o f  input -output  analy- 
s i s .  Questions o f  time1 iness are p a r t i c u l a r l y  meaningful i n s o f a r  as any SPS 
energy requirements analys is  i s  a1 ready an exerc ise i n  d i s t a n t  p ro j ec t i on .  This 
problem w i l l  on ly  be compounded by basing analys is  on 1967 o r  even 1972 data, 
no matter how we1 1 adjusted. 
Process analys is  must therefore be a c r i t i c 3 1  element i n  any se lected approach. I r  
some cases, notab ly  the  f a b r i c a t i o n  o f  photovotaic c e l l  s, process ana lys is  should 
be thorough, t r a d i t i o n a l  engineering analys is ,  presumably i nvo l v i ng  some degree 
o f  primary research. 
Tke use of mate r ia l  energy- intensi  t i e s  (an input -output  concept) o r  spec i f i c  
energy requirements (a process engineering concept) can prov ide reasonable 
proxies f o r  process ana lys is  i n  many o ther  instances. For example, there should 
be no reason t o  re inven t  the  energy requirements f o r  aluminum, copper, s tee l ,  
e tc .  Systematic eva luat ion o f  pub1 ished data inc lud ing,  i n  p a r t i c u l a r ,  a de te r -  
minat ion of the  extent  t o  which i n d i r e c t  energies a re  accounted f o r ,  should 
suf f ice i n  1 i e u  of add i t iona l  primary process analys is .  
Process analys is  may a1 so be the  on l y  way i n  which t o  deal w i t h  t he  problem o f  
changing technology o r  fabr i ca t ion .  For example, t4e  do1 l a r  cost  of photovol t a f c  
c e l l s  i s  pro jected t c  decrease by an order o f  magnitude as a f unc t i on  of SPS 
research and as a requirement o f  SPS f e a s i b i l i t y .  This cos t  reduct ion w i l l  
i n e v i t a b l y  be accompanied by a subs tan t ia l ,  though riot necessar i ly  p ropor t iona l ,  
reduct ion i n  energy requirements. It may be poss ib le  t o  p a r t i a l l y  approximate 
the reduct ion i n  energy requirements by examining the  components of t o t a l  energy 
requirements i n  present technology and r e l a t i n g  prospect jve changes i n  tech- 
nology t o  these components. One example o f  t h i s  might be the  r e j e c t i o n  r a t e  
associated w i t h  present f ab r i ca t i on .  Par t  o f  the cos t  reduct ion t a rge t  might 
be .a spec i f ied reduct ion i n  t h a t  r e j e c t i o n  ra te ,  i .e., b e t t e r  q u a l i t y  con t ro l .  
This i s  d i r e c t l y  express ib le  as an energy savings. Other sources o t  cos t  savings 
and technology improvements t h a t  could be t rans la ted  f a i r l y  d i r e c t l y  i n t o  energy 
savings inc lude reduced mater ia l  quan t i t i es  o r  thickness, reduced thermal r e -  
quirements fo r  processing, e tc .  While process a r ~ a l y s i s  cannot be expected t o  
resolve the question of changing technology, i t  may provide the  basis f o r  a t  
l e a s t  a parametric treatment o f  reduced energy requirements. 
Tne cumulative impact o f  i n d i r e c t  energy requirements otherwise unaccounted f o r  
i s  perhaps the most persuasive argument f o r  using a hyb r i d  methodology. Process 
analys is  may be r e l i e d  upon t o  i d e n t i f y  and account f o r  the major energy-inten- 
s i ve  elements i n  the SPS. The simple asser t ion  t h a t  these major energy-inten- 
s i ve  elements account fo r  a la rge  enough ma jo r i t y  o f  t o t a l  energy requirements 
t o  warrant ignor ing  the  remainder i s  inde fens ib le  wi thout  f u r t h e r  inves t iga t ion .  
The cumulative e f f e c t  o f  small proport ions o f  t o t a l  energy requirements ignored 
a t  each step, i n  an otherwise process-dominated methodology, can be q u i t e  
s i g n i f i c a n t .  I t  may no t  be s i g n i f i c a n t  bu t  there  w i l l  be no way t o  know t h a t  
unless some attempt i s  made t o  account f o r  these i n d i r e c t  energies.  ! 
The SPS draws on a wide range of h i g h l y  heterogeneous economic sectors .  This 
m i t i ga tes  against  t he  use of a  s i n g l e  m u l t i p l i e r  f o r  a  simple r a t i o  o f  B tu ' s  
per do1 l a r  o f  GNP. 
Desiqn and Pol i c y  Pre requ is i tes  I - 
Several o f  the p o l i c y  dec is ions needed p r i o r  t o  any ana lys is  o f  SPS energy 
requirements have a l ready been noted. Presented below i s  a  b r i e f  l i s t  of these r 
and ~ t h e r  po l  i c y  dec is ions t h a t  a re  requib.ed: 
I 
1. The treatment o f  unce r t a i n t i es  i n  SPS mate r ia l s  requirements and speci-  : 
f i c a t i o n s  opt ions include: ignor ing  uncer ta in ty  and tak ing  t he  re fe r -  , 
ence concept as i s  ; designat ing t e c h n i c a l l y  qua1 i f i e d  experts t o  pro- 
v ide  e r r o r  to lerance estimates fo r  a1 1 n o n - t r i v i a l  elements of the  
system; o r u s i n g t h e c o n t r i b u t i o n o f e a c h s y s t e m e l e m e n t  t o t h e t o t a l  
I energy requirements as a  c r i t e r i a  f o r  determining whether i t  i s  t o  be ! 
subje: t  t o  such t e c h n i c a l l y  exper t  assignment o f  e r r o r  to lerances. i 
2. Conf i rmat ion o f  the  modular approach: i f  energy ana lys is  i s  t o  be 1 
undertaken on a modular basis,  these modules must correspond t o  the  I I major system elements, as i n  the JPL study; and they must a lso  be t i e d  1 together by key i n t e r f a c e  var iab les  which a re  def ined i n  advance as the  , 
" d r i ve r s "  o f  each module. I 
3 .  The i d e n t i f i c a t i o n ,  i n  advance, o f  which power generat ion technologies 
w i l l  be compared t o  the  SPS i n  terms o f  energy requirements. Without 
such spec i f i ca t i on ,  the  se lec t i on  o f  appropr ia te  m~thodo log ies  and 
data bases may r e s u l t  i n  unforeseen lack  o f  comparabil i t y  a t  the  coo- 
c l us i on  of the analysis.  
Confirmation and d e f i n i t i o n  o f  t he  modular approach i s  an absolbte necess i ty  if 
both the ga l l i um  and s i l i c o n  photoce l l  opt ions a re  t o  be pursued i n  a  p a r a l l e l  
manner w i thou t  t o t a l  dupl i c a t i o n  o f  e f f o r t .  Only by i s o l a t i n g  non-sate l l  i t e  
components such as the  rectenna and HLLV (Heavy L i f t  Launch Vehic les) from the 
s a t e l l i t e  i t s e l f  h i l l  i t  be poss ib le  t o  analyze both opt ions w i thou t  a  t o t a l  
dup l i ca t i on  o f  e f f o r t .  
' The p o l i c y  issue w i t h  respect t o  unce r t a i n t y  i n t e r a c t s  d i r e c t l y  w i t h  a  s i m i l a r  
issue ra ised  i n  a  sect ion o f  t h i s  wh i te  paper on c r i t i c a l  mate r ia l s .  I n  t h a t  
d iscussion, the  recomnendation was made t h a t  e r r o r  to lerances f o r  a1 1 o r  most 
o f  the  mate r ia l s  be spec i f i ed  as a  s u b s t i t u t e  f o r  de ta i l ed  refinements o f  the 
est imates based on the  cur ren t  reference concept. To t he  ex ten t  t h a t  t h i s  
recomnendation i s  fol lowed, i t  p a r t i a l l y  resolves the  need f o r  speci fi- 
ca t i ons  o f  e r r o r  margin i n  the  case o f  t he  energy requirements. 
One key i n t e r a c t i o n  between energy and c r i t i c a l  ma te r i a l s  ana lys is  i s  t h a t  energy 
i n t e n s i t y  should become a c r i t e r i o n  f o r  s p e c i f i c a t i o n  c f  e r r o r  to lerances on 
mate r ia l s .  This i s  no t  sel f -evident from the  mate r ia l s  ana lys is  i t s e l f  s ince the  
i n i t i a l  screening process could simply d isc r im ina te  on t he  basis of whether o r  no t  
a mater ia l  was l i k e l y  t o  g i v s  r i s e  t o  a  supply problem. To tnese c r i t e r i a  must 
be added the ex t ra  c r i t e r i o n  t h a t  the mater ia l  q u a l i f i e s  f o r  f u r t h e r  inves t iga-  
t i o n  and e r r o r  to lerance spec i f i ca t i on  i f  i t  i s  h i g h l y  energy- intensive. 
Reccmnended Procedural Sequence 
Presented below, i n  modif ied out1 i ne  form, i s  an example sequence i n  whir h the 
analys is  o f  energy requirements f o r  the SPS can be undertaken: 
Task 1  - Module D e f i n i t i o n  
1.1 Def ine modules, e.g. ,  two a1 t e r n a t i v e  s a t e l l i t e s ,  space assembly, space 
t ranspor ta t ion  (vehic les,  launch, p rope l lan t )  , rectenna f a c i l i t i e s .  
(For energy purposes i t  may a lso  be usefu l  t o  separate ground con t ro l  
iystems. ) 
1.2 For each module, i d e n t i f y  key "d r i ve r "  parameters, e.g., so la r  c e l l  
thickness and composition f o r  the s a t e l l i t e ,  payload and number o f  
reuses f o r  launch vehicles,  e t c .  
1.3 Reconcile modulesused f o r  energy analys is  e x p l i c i t l y  w i t h  modules used 
f o r  c r i t i c a l  mate r ia ls  analys is ,  and insorar as possible,  w i t h  o ther  
e x i s t i n g  a n a l y t i c  models of the  SPS. 
Task 2  - Prepare Mater ia ls  L i s t  by Module 
2.1 I d e n t i f y  major mater ia ls  requirements f o r  each module. 
2.2 I f  mater ia ls  are o f  s i g n i f i c a n t l y  d i f f e r e n t  spec i f i ca t ions ,  e.g., 
d i f f e r e n t  types o f  s t ee l ,  disaggregate and spec i fy .  (Also needed f o r  
c r i t i c a l  mate r ia ls  analys is . )  
2.3 I d e n t i f y  mate r ia ls  which invo lve  new and untested technologies and/or 
technologies t o  be d r a s t i c a l l y  rev ised as p a r t  o f  the  SPS e f f o r t .  
(For  process analys is . )  
2.4 Sumnarize mater ia ls  requirements f o r  the e n t i r e  program and reconc i l e  
w i t h  mater ia ls  1  i s t  used f o r  c r i t i c a l  mate r ia ls  analys is .  
2.5 Provide disaggregated budget fo r  the modules, separat in  , i f  possible,  
the costs o f  items i d e n t i f i e d  i n  Steps 1  -7d 2  above. For  i npu t -  
output analysis.)  
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Task 3  - I d e n t i f y  T n i t i a l  Candidates f o r  Process Analysis 
3.1 Major new technologies. 
3.2 Major changes i n  scale o f  present technologies. 
3.3 Ka te r i a l s  and ;recesses so l a rge  i n  r e l a t i o n  t o  t o t a l  p r o j e c t  t h a t  they 
should be considered ever: w i t h  s tab le  technologies, e.g., concrete 
assembl i e s  i n  the rectennas. 
Task 4 - Es tab l i sh  Base f o r  Comparison t o  Other - Technologies 
4.1 Assemble up-to-date l i t e r a t u r e  on energy requirements of competing 
- - 
technologies. 
4.2 Review and evaluate t o  se l ec t  11ot more than two methodoloqies 
approaches already employed i n  eva luat ing compet i t ive  methodo 
4.3 Review and i d e n t i f y  data base used. 
Task 5 - Assemble Key Energy Data Base Items 
5.1 Obtain the most r e l i a b l e  cu r ren t  input -output  energy ana lys is  
CAC together w i t h  a l l  adjustment tab les  and formulas. 
5.2 Far a l l  mate r ia l s  on the  mate r ia l s  1 i s t ,  assemble a data base 
log ies .  
1 I 
f rom i I j 
o f  
s p e c i f i c  energies and/or energy i n t e n s i t i e s  and examir~e each source 
f o r :  ( 7  ) how recent  i t  i s ;  ( 2 )  the degree t o  which i t  includes I 
i n d i r e c t  energies; and (3 )  t he  ex ten t  t o  which i t  i s  s p e c i f i c a l l y  
appl i cab le  ( o r  adaptable) t o  the  mate r ia l s  spec i f i ca t i ons .  
Task 6 - Perform r i r s t - C u t  Pre l im inary  Analysis 
6.1 Subject t o  process analys is  on l y  those i n i t i a l l y  def ined candidates. 
6.2 Employ mate r ia l s  energy i n t e n s i t i e s  and input -output  c o e f f i c i e n t s  I 
t o  c o m p l ~ t e  energy analys is .  1 
6.3 Perform uncer ta in ty  ana lys is  on r e s u l t s  by component. (May be 1 i m i  ted / 
t o  unce r t a i n t i es  i n  energy i n t e n s i t i e s  . )  
1 
I 
6.4 Review f i nd i ngs  t o  i d e n t i f y  processes and mate r id l s  r e q ~ t i r i n y  r u r t he r  
in-depth eva luat ion.  
Task 7 - I t e r a t e  and Ref ine Analysis 
7.1 Obtain r e f i ned  inpu t  data i f  needed (see Task 2 ) .  
7.2 Extend and/or r e f i n e  process analyses as needed. 
7.3 Re i te ra te  input -output  and mate r ia l s  energy i n t e n s i t i e s  po r t i on  o f  the 
ana lys is  t o  develop f i n a l  estimates. 
The foregoing 1 i s t  i s  on ly  a p a r t i a l  one. I t  does no t  c w s i d e r ,  f o r  example, 
a t  what po in t  a computer program should be evaluated andlor <,itroduced. Thc I 
f i r s t  f o l ~ r  steps are p re requ is i tes  t o  any f i n a l  a n a l ~ ~ r i s .  On the  other  hand, I 
t he  det,; 1 i n  which mate r ia l s  spec i f i ca t i ons  arc  given i n  Task 2 can, i n  part., 
be sub ject  t o  t he  f i nd i ngs  -,f Task 6. I f  e r r o r  to lerances on SPS performance 1 
s pec i f i ca t i ons  are t o  be considered, t h i s  would be incorporated i n  Step 3 of I 
Task 6. I 
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111. LAND USE 
I 11-1. INTRODUCTION 
--- - 
Est imat inq the land use impacts of  the SPS poses problems very d i f f e r e n t  from the 
problems presented by c r i t i c a l  mater ia l  s and energy analys is .  For these o ther  
two c7 jsses  o f  resources there  a re  two c r i t i c a l  tasks: (1 ) t o  est imate the re -  
quir-t.~~ents o f  the SPS; and ( 2 )  t o  r e i a t e  these requirements t o  sources of supply 
t h a t  +and t o  oe both homogeneous and r e a d i l y  t ransportable.  The aggregate land 
requir2ments of  t he  SPS are, on the o ther  hand, f a i r l y  easy t o  est imate w i t h  o ~ l y  
a few inputs  and assumptions. The r e s u m e s  ava i l ab le  t o  meet these requirements 
are, however, ne i t he r  homogeneous nor  t ransportable.  Land--or more accurately,  
the  ea r th ' s  surface, s ince sea and water s i t e s  may be considered--is geographi- 
c a l l y  f ixed and, i n  most respects, urliquely character ized by loca t ion .  
The massive land (sur face)  area requi red f o r  60 rectenna s i t e s  presents a pa r t i cu -  
l a r l y  complex problem due t o  the numerous cons t ra in ts  on rectenna loca t ions .  The 
key issues here a re  s i t i n g  issues: What are the absolute const ra in ts ,  if any, on 
such s i t es?  idhat add i t iona l  cons t ra in ts  a re  c r i t i c a l ?  What s i t e  cha rac te r i s t i c s  
are h i gh l y  des i rab le? The answers t o  these questions are n o t  d t  d i i  self-evi.dent 
and i t  may be many cannot be answered based on the cur ren t  d e f i n i t i o n  of  the  SPS 
reference concept. 
One i n i t i a l  approach t o  land use impacts involves two p re l im inary  steps. The 
f i r s t  i s  t o  develop a comprehensive l i s t  o f  s i t i n g  c r i t e r i a  t h a t  r e f l e c t s  the  
cur ren t  s t a te  o f  knowledge ( o r  assumptions) on the  cha rac te r i s t i c s  of rectenna 
s i tes .  A second step i s  t o  apply as many as poss ib le  of these c r i t e r i a  t o  the 
land and insnore area of the United States based OR secondary research. Any 
such screening, based on pub1 ished data i s  t o t a l l y  inadequate t o  qua1 i f y  even a I 
s i ng le  s i t e .  Too many o f  the important s i t i n g  cons t ra in ts  a re  pure ly  l oca l  i n  ' 
nature and cannot be evaluated wi thout  f i e l d  inves t iga t ion .  Nevertheless, a 
map-based screening exercise o f  t h i s  type should reveal  the ex tcn t  and d i s t r i -  i 
bu t ion  of "apparently e l i g i b l e "  areas f o r  rectennas. 
The land use-si  t i n g  study e f f o r t  sumnarized i n  t h i s  r epo r t  has been c l ose l y  ! 
coordinated w i t h  another study a t  the School o f  Arch i tec tu re  and Space Solar 
Power Research Program of Rice Un ivers i t y .  The focus o f  th's para1 l e l  e f f o r t  i s  I 
on t he  i n i t i a l  i d e n t i f i c a t i o n  o f  e l i ~ i b l e  areas w i t h i n  the U.S. f o r  rectenna 
s i t i n g .  This " e l i g i b i l i t y "  study corresponds t o  the map-based screening e x t r c i ~ r .  1 
described above as the seccnd o f  two c r i t i c a l  p re l im inary  steps and i s  summarized / 
i n  a separate whi te  paper (Reference 11 ). ' I 
The balance of t h i s  r e c t i a n  o f  the  analys is  i s  organized i n t o  seven subsections. 1 
The next  subsection ( I 1  1-2) attempts t o  provide an overview of the land use and I 
s i t i n g  issues connected w i t h  the SPS inc lud ing:  q u a n t i t a t i v e  land requirements; 
ob jec t i ves  o f  the i n i t i a l  study; and c e r t a i n  generic issues i n  need o f  reso lu t ion .  
C x t i o n  111-3 reviews the  l i m i t e d  body o f  past  and present research on t h i s  
prablem. Wecanmended s i t i n g  c r i t e r i a  are discussed i n  Sect ion 111-4, i nc l ud ing  
- 
1 References i d e n t i f i e d  w i t h  numbers on l y  a re  l i s t e d  a t  the  eqd o f  t h i s  sect ion. 
BLANK PAGE 
speci f ic  reference to  those being considered i n  the Rice Univers i ty  e l i g i b i l i t y  
study. Selected f ind ings o f  tha t  e l i g i b i l i t y  study are reviewed i n  Section 
111-5, along w i th  impl icat ions f o r  the tasks covered i n  t h i s  white paper. The 
concluding sect ion deals w i t h  spec i f i c  c r i t i c a l  issues revealed by the research 
and a recomnended sequence of f u r the r  study. 
I 
111-2. AN OYERVIEW OF SPS LAND USE AND SITING 
-- - - --a 
A t  a l a t i t u d e  o f  approximately 34 degrees north, an SPS receiv ing antenna (rec- 
tenna) sized to  generate f i v e  qiqawatts o f  e l e c t r i c i t y  a t  the busbar w i l l  occupy 
an e l  1 i p t i c a l  lartd area extending approximately 13 kilometers (8.1 m i  l es )  north- 
to-south and 9 ki lometers (5.6 mi les)  east-to-west (Ref~rence ~ 1 5 )  .; The width 
o f  the rectenna area i s  essent ia l l y  f ixed, but the length, the corth-to-3outh 
dimension, w i l l  vary w i th  la t i tude.  Because the s a t e l l i t e  w i l l  be i n  o r b i t  
d i r e c t l y  above the equator, the c i r c u l a r  microwave beam w i l l  p ro jec t  an e l l i p s e  
on thc ca:th's surface a,:ywhece except a t  the equator, d i r e c t l y  under i t .  The 
fu r ther  away from the equator, i.e., f u r the r  nor th  w i th in  the U.S., the mom. 
elongated the e l l  ipse becomes. A f i gu re  showing both the proJection and the rec- 
tenna dimension i s  shown i n  Exh ib i t  111-1. 
The land area occupied by the rectenna e l l  ipse i t s e l f  i s  approximately 92 kni! (36 
square miles).  A f u l l  rectangle o f  13 by 9 ki lometers w i l l  probably be required, 
a t  a mininium, t o  accommodate support f a c i l  i t i e s .  The minimum 1a:id area w i th  no 
bu f fe r  zone would therefore be 117 krr? (45 square miles).  
aecause of the i n t e n s i t y  of microwave rad ia t i on  a t  the edge o f  the rectenna, i t 
i s  c r i t i c a l  t ha t  there be a secure fenced buffer zone beyond the edge of the 
rectenna. Radiation densi t ies a t  the ed e o f  the rectenne are estimated t o  be 4 1 m i l l  iwa t t  per square centimeter (mW/c ). To reduce maximum uncontrol led 
microwave exposur! t o  approximately 10 percent o f  t ha t  leve l ,  o r  0.1 m~lcni ! ,  w i l l  
requi re an addi t ional  Lwo kilometers (1  - 2  mi les)  on a l l  sides o f  the rectenna. 
The nominal dimension of a rectenna s i t e  inc luding the bu f fe r  zone would be 13 
by 17 kilometers (8.1 by 10.6 miles). The land area occupied by the e l l i p s e  
would be 174 km2 (67 square mi les)  and by the rectanqle 221 krn ( t S .  3 square 
miles). Assuming an average o f  approximately 2CO km2 (80 square mi les j ,  the 
w 
land area f o r  60 rectenna s i t es  would be approximately 12,000 km (over 
square miles).  This t o t a l  would represent somewhat less than .2 percent 
o f  the t o t a l  land area o f  the cont inental  United States. 
The dimensions o f  the yominal rectenna s i t e  do not  represent d e f i n i t i v e  spec i f i -  
cations, even w i t h i n  the expl i c i  t l y  ten ta t ive  context o f  the reference concept 
(Reference Sl5). They are t g )  be considered only  as h igh ly  ten ta t ive  working 
assumptions. Some o f  the reasons f o r  t h i s  include: 
References prefaced by an "S" are general references t o  the SPS which are 
1 i s ted  a t  che end o f  the e n t i r e  report .  
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The long ax is  o f  the e l l i p t i c a l  rectenna area i t s e l f  has been estimated 
only f o r  34-35 nor th l a t i t udes  (approximately Los Angeles) . This long 
(north-south) axis w i l l  vary measurably, though presumably not  substan- 
t i a l l y ,  a t  d i f f e r e n t  l a t i t udes  w i th in  the cont inental  U.S. 
Published b r i e f i n g  material  on the SPS rectenna pi-ovides few s p e c i f i -  
cat ions f o r  the s ize  o f  the buf fer  zone, presumably because the extent 
of bu f fe r i ng  required cannot be determined u n t i l  current  research on 
microwave e f fec ts  has progressed fu r ther .  The two-ki lometer estimate 
used i n  t h i s  and the Rice study was provided by the Marshall Space 
F l i g h t  Center verbal ly  i n  response t o  the author 's request and i s  
admittedly based somewhat a r b i t r a r i l y  on a microwave density o f  0.1 
mW/cm2 a t  the bu f fe r ' s  edge. 
A maximum unrestr ic ted exposure leve l  o f  0.01 mW/cmi i s  nominally i n  
use i n  the Soviet Union and has been proposed, a t  l eas t  i n  the press, 
f o r  the United States. (U.S. s tandl rd i s  cur ren t ly  10 nWlcm'). 
:.ccording t o  the reference concept b r i e f i n g  (Reference SlS), the lower 
density of 0.01 mW/cm2 i s  a t  20 km from the center o f  the rectenna. 
This would imply a bu f fe r  zone extending more than 15 km from the edge 
o f  the rectenna and a t o t a l  rectenna-buffer area o f  almost 1,70C km' 
(650 square m i  1 es) . 
Pending the outcome o f  ongoing research on microwave effects on both 
humans and animals, i t  i s  not  known whether any land i n  the bu f fe r  zone 
or, f o r  t ha t  matter, under the rectenna, can be put  t o  productive use, 
e.g. , grazino o r  other agr ic t i l  ture.  Such concurrent productive use o f  
rectenna ;ites could tend t o  reduce the amount of land "ef fect ive ly  
withdrawn" from other uses even if the cominal dimensions remained the 
Sam?. 
Operation of the SPS w i l l  requi re extensive launch f a c i l i t i e s  f o r  space vehicles. 
The land area requiremmts f o r  t h i s  purpose have been estimated a t  20-850 km2 
(8-328 square miles) (Reference Sl4).  Land area requirements f o r  launch faci  1 i - 
t i e s  are no t  considered i n  t h i s  paper. The land area required i s  qu i te  small i n  
comparison t o  the 60 rectenna s i t es  and the working assumption a t  NASA i s  tha t  
t h i s  requirement can be met by expansion o f  the Kennedy Space F l i g h t  f a c i l i t i e s  
i n  Flor ida. 
The Problem o f  Inadequate - Def i n i  t i c n  
Stated i n  the simplest possible terms, the ob jec t ive  o f  any i n i t i a l  land use o r  
s i t i n g  study i s  t o  answer the question, "Where can we put rectenna s i t es? "  o r  
i t s  coro l la ry ,  "Are there 60 s i t es  i n  the cont inental  U.S. where rectennas 
can be located?" The core o f  the problem i s  t ha t  the reference concept design 
i s ,  i n  many ways, only  a "rough sketch." Most o f  the information on rectenna 
charac ter is t i cs  and impacts needed t o  determine what const i tu tes a q u a l i f i e d  
l oca t i on  i s  not  avai lab le pending the outcome o f  ongoiqg o r  proposed evaluat ion 
and design refinement e f f o r t s .  The i n i t i a l  land use and s i t i n g  studies are 
themselves pa r t  o f  a "feedback" process t o  ass is t  i n  design refinement. To 
overs impl i fy ,  the problem i s  t ha t  "Me can ' t  say where i t  can be l x a t e d  u n t i l  we 
i 
I know what i t  i s  and we can ' t  f i n d  out  what i t  i s  u n t i l  we can say more about 
1 where i t  can be located." 
1 I 
i 
Obviously, the way t o  circumvent t h i s  problem i s  t o  adopt some working assump- 1 
t i ons  which, though admi t ted ly  a r b i t r a r y ,  w i l l  permi t  some i n i t i a l  i nves t ig3 t ion .  / 
The r i s k  i n  t h i s  approach i s  t h a t  these working assumptions may be so ",rbitrar- I 
1 i l y "  cmst ra in ing- -o r ,  conversely, so inappropr ia te ly  1 i bera l  - - t ha t  the r e s u l t s  i 
I a re  no t  meaningful. 
! 
111-3. PRIOR AND CURRENT RESEARCH ON RECTENNA SITING 
-
A carefu l  reading o f  most o f  the NASA b r i e f i n g  mater ia ls  on the  SFS and a more 1 
super f i c ia l  review of the  voluminous backup data reveals 1 i t t l e  systematic ! 
t reatment o f  s i t i n g  c r i t e r i a  and on ly  one publ ished study dea l ing  s p e c i f i c a l l y  i 
w i  t h  s i  t i n q  (Reference 6)  .' The var ious b r i e f  i n4  documents a re  nonetheless i 
c r i t i c a :  t o  es tab l i sh i ngVa  working l i s t  o f  s i t i n g  c r i t e r i a .  
The one .4ASA study t h a t  does deal s p e c i f i c a l l y  w i t h  s i t i n g  i s  a technica l  memo- 
randum e n t i t l e d  "Candidate 'oca t ions  f o r  SPS Rec t i f y i ng  Antennas," by Anne W. 
i k r h a r d t  o f  the Earshal l  Space F l i g h t  Center (Reference 6) .  
Another much more ambitfous study o f  s i t i n g  i s  now under way. This study i s  
being conducted by Arthur D. L i t t l e  Inc. f o r  NASAIMarshall under subcontract t o  
ECON, Inc.  Though no d r a f t  r e s u l t s  are ava i l ab le .  progress repor ts  and b r i e f i n g  
data i nd i ca te  t h a t  t h i s  study w i l l  i nvo lve  an extensive l i s t  o f  s i t i n g  c r i t e r i a .  
ind icated S i t i n q  Constraints:  NASA B r i e f i ngs  
Pre l iminary  descr ip t ions  o f  rectenna s i t e s  are provided i n  the  January 1978 
"base1 ine" b r i e f i ngs  by both space centers (References S2 and S14). The bas ic  
s i t e  spec i f i ca t i ons  are q u i t e  s im i l a r .  
With respect t o  the geographic l i m i t a t i o n s  on rectenna s i t i n g ,  the  i n i t i a l  presen 
t a t i o n  copy of the January Marshall b r i e f i n g  ind icated a maximum l a t i t u d e  o f  
40 degrees north,  which would exclude the nor thern t h i r d  of the  con t inen ta l  U.S. 
A l a t e r  version o f  the same document had the number changed t o  60 degrees north,  
which would inc lude a l l  48 contiguous states.  The 40-degree threshold has been 
reta ined f o r  a1 t e rna t i ve  e l i g i b i l i t y  analyses. No l a t i t u d e  1 i m i t  i r  ind ica ted  i n  
e i t h e r  the Johnson b r i e f i n g  o r  the j o i n t  J u l y  13 b r i e f i n g  (Reference S15). 
The January Johnson b r i e f i n g  does, however, imply t h a t  rectennas shou:d be 
geographical ly d i s t r i b u t e d  i n  r e l a t i m  t o  pro jected power loads, s p e c i f i c a l l y  tha 
SPS power should no t  account f o r  mock than 20 percent o f  t o t a l  e l e c t r i c i t y  con- 
sumption i n  any region. The b r i e f i n g  includes a map of the reg ional  e l e c t r i c a l  
re1 i a b i l  i t y  counci ls  i n  the U.S. w i t h  two i l l u s t r a t i v e  d i s t r i b u t i o n s  of  60 rec- 
tenna s i t e s  by region. 
The Johnson b r i e f i n g  a1 so r e f e r s  t o  a b u f f e r  zone o f  "0.8 m i les "  (1.3 km) wh ' .I i! 
somewhat smal ler than the two-ki lometer b u f f e r  assumed i n  t h i s  study. With tne 
5maller b u f f e r  zone, the t o t a l  s i ze  o f  the r ec t? rna -bu f f e r  s i t e  i s  200 kin 
as compared t o  721 kni' w i t h  the l a rqe r  b u f f e r  zone. 
"Candidate . - - . - - - . - Loca . . . t i pn r " .  . Study-:- - P~ASP/M~I-_shall 
I n  November 1977, a  technica l  memorandum i d e n t i f y i n q  "candidate loca t ions  f o r  5PS 
r e c t i f y i n q  antennas" WCI; pub1 ished bv the t larshal 1  Space F; i q h t  Center 
(Reference 6 ) .  The ob jec t i ve  o f  t h i s  study was t o  i d e n t i f y  candidate locat lor is  
f o r  120 f ive-q iqawat t  rectennas, corresponding t o  600 qigawatts o f  eventuai SP5 
capac i ty .  "For t h i r  and lys is ,  the rectenna s i t e ,  which conta ins the actua l  
rectennd and a  sa fe ty  zone, (was) assumed t o  be a  15 m i l e  diameter c i r c l e .  I n  
a l l  cases, t h i s  i s  s u f f i c i e o t  t o  conta in  the e n t i r e  e l l i p t i c a l  rectenna afid some 
snfety zone. " (Reference 6. ) 
Pre l iminary  ana lys is  suqqested to  the author t h a t  rectenna d i s t r i b u t i o n  on land 
could no t  correspond t o  e l e c t r i c a l  enerqy usaqe d i s t r i b u t i o n  w i thou t  major d i s -  
r u p t i v e  impacts. E l e c t r i c t i l  con%mpt ion  i s  con* m t r a t e d  east o f  the M iss iss ipp i  
wh i le  most land i s  west of the M iss iss ipp i .  Az a compromise s t ra tegy,  the ; t idy 
attempted t o  a l l o c a t e  two re i tenna s i t e s  t o  each s t a t e  (except ing Alaska) p lus 22 
added s i t e s  t o  achieve a b e t t e r  d i s t r i b u t i o n  w i t h  respect t o  demand. The study 
app l ied  f i v e  classes o f  c r i t e r i a .  The f i r s t  th ree  were designed t o  mlnimize SPS 
impact on: ( 1  ) land i n t ens i ve l y  used; ( 2 )  populdt ion;  and (3 )  t ranspor ta t ion .  
Minimum e leva t i on  va r i a t i ons  was a  four th  c r i t e r i o n  and maximum f e d ~ r ' a l  iand use 
was the f i f t h  item. 
Tke numeric data base t o r  t h i s  analys is  cons is ted p r i m a r i l y  o f  U.S. Census 
pub l i ca t ions .  Maps were taken from Rand McNally o r  from the na t iona l  a t l a s  o f  
the Uni ted States, except for  special  FPC maps o f  p r i n c i p a l  e l e c t r i c a l  f a c i l i t i e s .  
The emphasis i n  t h i s  study was on the l oca t i on  o f  s p e c i f i c  s i t e s ,  apparent ly 
through map inspect ion ana county o u t l i n e  maps a re  provided f o r  a l l  48 s ta tes.  
For the most pa r t ,  the var ious c r i t e r i a  were broken down i n t o  modestly de ta i l ed  
c l a s s i f i c a t i o n s ,  e.g., 15 types of land use, 3  dimensions o f  e l eva t i on  c l a s s i -  j f i c a t i o n ,  and 3  types o f  t ranspor ta t ion .  i 
The r e s u l t s  genera l l y  conform t o  the expected d i s p r o p o r t i o n a l i t y  between popu- 
l a t i o n  and land area. Only a  small number o f  s i t e s ,  r e l a t i v e  t o  populat ion,  
cou ld  be located i n  e i t h e r  the Northeast o r  M id -A t lan t i c  areas. Those s i t e 5  t h a t  
could be i d e n t i f i e d  were i n  f a i r l y  mountainous areas. For the  most par t ,  the 
Mid-Uest was somewhat i n  balance although c e r t a i n  pa r t s  were l i m i t e d  by v i r t u e  
o f  h igh road dens i ty .  The t a rge t  o f  two s i t e s  per s t a t e  was r e a d i l y  achieved 
i n  the Western s ta tes  and was approached i n  t he  Southeast. 
Given the l i m i t a t i o n  of two s i t e s  per s ta te ,  on l y  69 s i t e s  could be loca ted  on 
land  i n  t h i s  study. The remaining 51 s i t e s  were located of fshore.  Fourteen s i t e !  
were 1ocatd:on the  Pac i f i c  coast; ancther 16 on the  Gu l f  coast; and t he  remainin! 
22 were di$Vibuted f a i r l y  cont inuously along t h ~  A t l a n t i c  coast from Maine t o  
South ~ e o r g j h .  
"'1 Th is  study-:& e a r l y  demonstrates some of  the  problems associated w i t h  a s i t i n g  
exerc ise  d&igned t o  * ind s p e c i f i c  s i t es .  I t  i s  d i f f i c u l t  t o  draw conciusions 
based on a:two-site s t a t e  l i m i t a t i o n .  Furthermore, t h e  c r i t e r i a  a re  
scrnewhat l i m i t e d  i n  number and the data sources would appear t o  be sonewhat I 
general f o r  re f ined  examination. On the o ther  hand, the study i s  e x p l i c i t l y  pre-  1 
l im ina ry  and the author acknowledged the need f o r  molSe d e t a i l e d  research and a i 
more re f ined  data base. 
Ongoing S i t i n g  Study by Ar thur  D. L i t t l e  I nc .  
- 
This cu r ren t  s i t i n g  study i s  a lso  being performed f o r  the  Marshal l  Space F l i g h t  
Center under subcontract  t o  ECOtl. I t i s  s i m i l a r  i n  several ways t o ' t h e  "candi- 
date loca t ions  study" described above. Once agait l ,  t he  emphasis i s  on i d e n t i -  
f y i ng  spec i f i c  s i t e s .  
The l i s t  o f  c r i t e r i a  developed by Ar thur  D. L i t t l e  as p a r t  o f  t h i s  study i s  
considerably more ambit ious than the l i s t  used i n  the "candidate l oca t i ons "  
study. This l i s t  of c r i t e r i a  i s  reproduced i n  E x h i b i t  111-2. 
I 
i tlo publ ished d r a f t  r e s u l t s  a re  ava i l ab l e  from t h i s  study. Acc -ding t o  P h i l i p  i Chapan, p r o j e c t  manager f o r  Ar thur  D. L i t t l e ,  the  i n i t i a l  o b j e c t i v e  o f  t he  study , 
was t o  i d e n t i f y  200 po ten t i a l  s i t e s  using a subset of t he  c r i t e r i a  shown i n  I 
E x h i b i t  111-3. The "screeninq" subset o f  c r i t e r i a  deals ~ r i r a r i l v  w i t h  consid- ; 
e ra t ions  of land dse, topography, and popula t ion dens i ty  .' 
Snce the  i n i t i a l  l i s t  o f  200 s i t e s  i s  assembled, each s i t e  w i l l  be examined i n  
terms of  a l l  o r  most of the  c r i t e r i a  1  i s t ed .  The ob jec t  i s  t o  r e t a i n  60 
" f u l l y  q u a l i f i e d "  s i t e s .  
An acknowledged and poss ib ly  pr imary f unc t i on  o f  t h i s  study i s  t o  prov ide "feed- 
back" t o  NASA/Marshall t o  a i d  'n r e f i n i n g  t he  design o f  t he  SPS. One such 
poss ib le  input  t o  redesign w u l  .I be t he  discovery t h a t  i t  was j u s t  as easy t o  
f i n d  s i t e s  t h a t  would accomnodate 10-gigawatt rectennas as t o  f i n d  s i t e s  adequate 
f o r  5-gigawatt rectennas. Presumably, t he  impetus t o  5-gigawatt rectenna u n i t s  
i s ,  i n  par t ,  a funct ion o f  a  perceived problem i n  s i t i n g  l a r g e r  rectennas. 
The p r o j e c t  team a t  Art,.~r D. L i t t l e  considered and re j ec ted  an approach i n  which 
a l l  o r  most o f  t h e  c r i t e r i a  wogld be examined f o r  the  count ry  as a  whole, poss i -  
b l y  i n  a  mapping exercise.  They f e l t  t h a t  t oo  many o f  t h e i r  c r i t e r i a  were I : ,  i 
suscep t ib le  'o secondary analys is .  Local f i e l d  i n v e s t i g a t i o n  was requ i red  
because the  l o c a l  o r  s i t e - s p e c i f i c  v a r i a t i o n  was more l i k e l y  t o  be c o n t r o l l i n g .  
Issues Revealed by Current Research 
There a re  c l e a r l y  two a1 t e r n a t i v e  approachxi t o  an i n i t i a l  l and  use o r  s i t i n g  
study. I n  the  f i r s t  approach, the  ana lys is  proceeds from the  s p e c i f i c  t o  t h e  
general. A l i m i t e d  se t  o f  "screening" c r i t e r i a  a re  app l ied  i n  what appears t o  
be a map inspec t ion  exercise.  The output  from t h i s  process i s  a  se r i es  o f  
spec i f i c  p a r t i a l l y  qua1 i f i e d  s i t e s  which a re  then presumably subjected t o  more 
r igo rous  eva lua t ion  i nvo l v i ng  a more expanded se t  o f  c r i t e r i a .  
The output from t h i s  f i r s t  approach t o  an i n i t i a l  s i t i n g  study i s  a  se r i es  o f  
spec i f i c  s i t e s  t h a t  have survived the  second-stage screening and a l a r g e  body o f  
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I Mandatory LSi te Must - Not Encorrgass) : 
Oesi gna ted Iii 1 derness Areas Nat ional  W i  Id1 i f e  Refuges 
Designated Major Nat ional  Monumnts Areas Essent ia l  t o  Endangered Species 
Major State o r  Local Parks o r  Major A i  r p o r t s  
Recreation Areas Hi-Densi t y  A i  ways 
Major Scenic  rea as' S i  gni f i c a n t  Towns 
11. Desirable 
-- 
A. General 
-- 
Low Populat ion Density I n  A i r c r a f t  Res t r i c ted  Areas ' 
Re la t i ve l y  Cheap Land' Mu1 t i p l e  Use Poss ib i l ' t i e s '  
Close t o  Major Load o r  U t i l  i t y  R o o ~  f o r  10 GW Rectenna' 
Tie-Point  Room f o r  Several Rectennas 
Pos i t i  ve Local Econonlic/Dermgraphic Is01 ated t o  Avoid Local R F I  
E f fec ts '  Improved Local Aesthet ics  
Away from Federal A i  mays Federal Lands 
B. Ter ra in  and C n y i n e e r a  -- 
RoadIRai 1 road Access t o  S i  t e  ' 
Powerline R igh t  o f  Way t o  S i t e "  
Vehicular Access w i t h i n  S i  t e2  
Adequate Surface for  Construct ion:  
Minimum Earthmoving' 
Mini  mum Sand* 
Not Wetlands 
Not ~ a d l  ands" 
Low Ter ra in  Re1 i e f  
Ridges Eas t-Wes t 
Good Drainage ' 
Elevated Ground Plan? For Safetya 
Not Earthquake Area 
Not F l  ood-Prone 
Not Subject  t o  Subsidence (= inkholes,  
Mines, E tc . )  
C .  Weather and Atmosphere 
Not i n  Tornado Area .' Not i n  Hurricane T r a c k '  
Minimum Thunderstorms (Liqh?, i ing) Reasonable Rai n f a l l  
Minimum Duststorms Low Snowfall  .' 
hinimum Freezing ga in  Weather E f f ec t s  o f  Rectenna Heat Is1 and' 
Not i n  Acid Rain Area Local Ef fects  o f  Ozone from Corona 
Minimum E f f e c t  on Groundwater o f  D i  scharge a t  ~ e c  tenna-' 
Chemicals Leached from Rectenna 
D. Legal and R e q u l a t .  
Conformance t o  Federal Regulatory Variances Possible f o r  Local L :nd Use 
Cons t r u i  n ts  (EPA, O [ ; M ,  C t,c .) Regu la t ions"  
Eminent Domain Avoided i f ~ o s s i  b l  e7 Networking ~ec tennas?  
No "National Gr id" '  
l Unless otherwise w t e d ,  c r i t e r i a  are incorporated i n  the same o r  s i m i l a r  form 
i n  the proposed s i l i n g  c r i t e r i a  l i s t e d  i n  E x h i b i t  111-4. 
Not considered i n  proposed c r i t e r i a .  
Conc'+red on ly  i n d i r e c t l y  i n  proposed c r i t e r i d .  
Not cvnsidered i n  proposed c r i t e r i a ,  bu t  discussed under " I n t e rac t i on  
w i t h  kegu la t ion . "  
Source: Reference 5 
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I 
I I 
, data on those f ac to r s  w h ~ c h  d i s q u a l i f i e d  the  remaining i n i t i a l l y  " e l i g i b l e "  s i tes . (  
: Sumnary t abu la t i on  of the cha rac te r i s t i c s  of the su r v i v i ng  s i t e s  and the bases 1 
f o r d i s q u a l i f i c a t i o n s h o u l d  reveal  a g r e a t d e a l  about t h e s i t i n g  problems t h a t  i 
; w i  11 be encountered by t.he SPS rectenna. Furthermore, t h i s  process should iden- I 
t i f y  a v a r i e t y  of pure ly  :seal problems that,  i~ a more cjeneral o r  " g l oba l "  pro- 
I 
cess, woul d no t  be uncovered. 
I 
This f i r s t  approach was employed by I la rsha l l  Space F l i g h t  Center ;n t h e i r  
! "candidate locat ions ' '  <tudy and i s  c u r r e n t l y  be in r  employed by Ar thur  D. L i t t l e  
Inc .  1 
I .  
I n  cor1t r3st  to  t h i r  , the second approach used i n  the coordinated e f f o r t  I 
represented by t h i s  whi te  paper and the Rice Un i ve r s i t y  study, proceeds from the ; 
qeneral t o  the  s p e c i f i c .  Data i s  co l l ec ted  f o r  some meaningful subset o f  s i t i n g  ; 
c r i t e r 4 a  i n  a form su i t ab l e  t o  mapping, and computer encoding f o r  the  con t inen ta l  
U .S .  as a whole. The data elements corresponding t o  cons t ra i n t s  o r  c r i t e r i a  a re  
independently mapped t t ~ d  encoded. This permi t s  the successive appl i c a t i o n  of i 
c o x t r a i n t s  and the subsequent inspect ion and quan t i f i ca t i on  o f  the  rena in ing  1 
' " e l i g i b l e "  area w i t h i n  the U.S. I 
I This more generdl process i n e v i t a b l y  excludes many s i t i n g  c r i t e r i a  fo r  which j data i s  ava i l ab l e  on l y  on a l o c a l  reve l .  It a l so  tends t o  work b e t t e r  f o r  
I "excl us ion"  c r i t e r i a  o r  cons t ra i n t s  than f o r  posi  t i v e  o r  b e n e f i c i a l  charac te r i s -  
t i c s  o f  the land. 
The major advantage of the  second approach i s  t h a t  i t  permits successive simu- 
l a t i o n  o f  d i f f e ren t  combinations o f  c r i t e r i a  t o  determine the general ized impact 
o f  each cons t ra i n t .  I n  the f i r s t  and more s p e c i f i c  approacn, i t  would be d i f f - i -  
c ~ t l  t i f  no t  inlpossible t o  quan t i f y  the impact o f  any one c r i t e r i a  on t he  amount 
o f  " e l i g i b l e "  area. 
Both aporoaches lead by d i f f e r e n t  paths t o  e l im inary  conclusions as t o  
; w h i ~ h  of the cons t rd in ing  c r i t e r i a  are r o s t  . a l .  What d i f f e r e n t i a t e s  them 
I i s  t h a t  the f i r s t  and morr s p e c i f i c  appro&( i, ~ab7. +-ovides s i g n i f i c a n t l y  
b e t t e r  i n s i g h t  i n t o  l o c , ~  o r  location-depen ! - r VAC ,'. . The second e l i g i -  
b i l  i t y  mapping approach provides e x p l i c i t l y  q u a n t ' ~  2 o u t p ~ t  w i t h  respect  
t o  the impact of var ious c r i t e r i a .  Whether ow,  . i ~ t p u t  i s  u l t i m a t e l y  / meaningful i s  a funct ion o f  whether the a d d i t i c ~  , , l o c a t i o n - s p e c i f i c  c r i -  
/ t e r i a  captured i n  the f i r s t  approach a re  the mc.: ,~lporta.?t. ones. The r e l a t i v e  
' mer i t s  of the  two approaches cannot be determined i n  advance. There i s ,  i n  f a c t ,  / a d i s t i n c t  benef i t  t o  the  simultaneous p u r s u i t  uf both, a t  l e a s t  t o  t he  p o i n t  o f  
I some degree of  general f i nd ings  about which c r i t e r i a  a re  the  most cons t ra in ing .  
A t  the present stage of the  ana lys is  the two may be considered complement2ry 
although i t  may become apparent ~t some l a t e r  date t h a t  one should be selected 1 over the other; 
Another c r i t i c a l  issue ra ised  by t h i s  l i t e r a t u r e  review concerns sea s i t e s .  The 
f ind ings of the "candidate ?oca t ionsM study suggest t h a t  even w i t h  a ' i t e d  
number of con t ra i n t s  i t  may be d i f f i c u l t  t o  f i n d  an adequate number I ,and 
s i t es .  A t  best  t h i s  i s  a t e n t a t i v e  conclusion s ince the study d i d  l o c a t e  69 
s i t e s .  Also, i t  i s  mt c l e a r  t o  what e x t e r t  the  s i t e  l i m i t a t i o n s  wwe de te r -  
mined by the a r h i t r a r i l y  imposed l i m i t  o f  two s i t e s  per s t a t e .  
High popula t ion dens i t i es ,  l i m i t e d  land a v a i l a b i l i t y ,  and h igh r i i c 2 b  of power 
consumption i n  the New Enqlanu and r l i dd le  A t la r1 t . i~  reqionr of the 11.5. su(l(j~!st 
t ha t  i f  these regions are t o  rece ive t h e i r  " p r - p ~ r * i o n a l "  \hare o f  rectenna.,, 
sea s i t e s  w i l l  have t o  be considered. 
This leads i n  tu: I ,  LU , rayt ion of "p ropor t iona l "  a1 l oca t i on .  Both the Johnson 
b r i e f i n g  and t h ~  Yarshal l  3ndidatc l oca t i cqs "  study take as a s t a r t i n g  po in t  
the assumpt i r ,~  ?hat rectennas should be d i s t r i b u t e d  i n  p ropor t ion  t o  demand. 
The M;lrs;lall "candidate l o c a t ~ m s "  c tudy  does suggest t h a t  popula t ion i s  a rea- 
sonable proxy for  e l e c t r i c i t y  consumption. D r .  Chapman o f  Ar thur  0. L i t t l e  Inc .  
concurs i n  t h i s  view and i s  us i ng  popula t ion as a proxy f o r  power consumption. 
Pre l  iminary p ro j ec t  i 01-15 ht!rl!,est t h a t  60 f i ve-gigawat t antennas, when f u l l  y oper- 
a t i ona l  i n  20311, w i l l  on ly  c o n s t i t u t e  20-25 percent of the na t iona l  power supply. 
Except f o r  r e l i a b i l i t y  considerat ions,  the re  would the re fo re  see3 to  be no rez-  
son t o  d i s t r i b u t e  rectenna f a c i l i t i e s  evenly thrcughout the country o r  i n  pro- 
po r t i on  t o  power consumption. 
The growing number o f  apparent cons t ra i n t s  on rectenna s i t e s  suggests t h a t  the 
f i r s t  order  o f  business i n  land cse and s i t i n g  study should be t o  determine 
wher: rectennas can be b u i l t .  A t  t h a t  po in t ,  +he cons;?orations o f  where they 
" s h w l d "  be b u i l t  should be added t o  the ana lys is .  It. seemi premature t o  impose 
a demand-proportional i t y  cons t ra i n t  on s i t i n g  before the key ph;lsical 1 in l i  t a t  ions 
on s i t e  e l i g i b i l i t y  are  i d e n t i f i e d .  
I 1  1-4. PROPOSED SITIflG CRITERIA 
The s i t i n g  c r i t e r i a  proposed i n  t h i s  paper were developed from several sources. j 
NASA b r i e f i ngs  and other  publ ished repo r t s  on the SPS were used t o  ec tab l i sh  I 
:1b2sical cons t ra in ts  and t o  i d e n t i f y  p o t e n t i a l  l y  adverse impacts (geferences I 
S2, S3, S13, S14, S15, 516, and S17). 1 
Various general l i s t s  o f  environmcqtal impa:t c r i t e r i a  were reviewed t o  i d e n t i f y  \ 
o ther  considerat ions which were no t  t r ea ted  i n  t he  SPS l i t e r a t u r e  bu t  which I 
might bear on rectenna s i t i n g .  I 
I 
The c r i t e r i a  used i n  t he  o ther  SPS s i t i n ?  s tud ies (Fiefer'ences 5 acd 6 )  were 1 
incorporated i n t o  the p re l  iminary 1 i s t .  i 
I 
The i n i t i a l  and voluminous c r i t e r i a  l i s t  was then consol idated based ol . , .  . 
major considerat ions:  i 
1. Car: the  c r i  terscrn be meaningfu l ly  app l ied  t o  an area, i .e. , md;$ ;, : .  
sector,  o r  does i t  requ i r e  the  i d e n t i f i c a t i o n  o f  a s p e c i f i c  s i t e ?  I Examples o f  c r i t e r i a  discarded inc lude  presence of archaeological  s i t es ,  I 
cu r ren t  zonin.2, and p o t e n t i a l  .t . , zoning variance. 
2.  I s  the  c r i t e r i o n  conceptua l ly  independent o f  o t h e r  c r i t e r i a  o r  does l 
i t  r e a l l y  r e f e r  + -  tbe same t h i n q  under a  d i f f e r e n t  name? fxaniples 
inc lude:  r : ~ a s s i v ~  ea r th rnv ing  and d i f f i c l ~ l t  tcpography; cheap land and 
m;riimum product ive  use of  1 and. 
3.  I s  the c r i t e r i o n  suscep t ib le  t o  more 3 r  l e s s  o b j e c t i v e  measurement? 
An example discarded c r i t e r i a  would be l o c a l  a e s t h e t i c s .  
For :he most pa r t ,  data c o l l e c t i o n  problems were n o t  consiaered i n  d i sca rd ing  
c r i t e r i a .  Considerat ions o f  data a v a i j a b i l  i t y  were, however, p a r t  o f  ti-,e 
select iom nrocess used by Rice U n i v e r s i t y  i n  t h e i r  I n i t i a l  Eva lua t ion  of  E l i g i b l e  
S i t e  study. The scope o f  t h a t  e f f o r t  i r ~ c l u d e s  nidpl~inq and encoding a1 1  oC t he  
: var iab le5 they consider.  Consequently, several  c r i t e r i a  proposed i n  t h i r  paper 
arc . n i t t e d  from t h e i r  ana lys i s  due to  the lack  o f  d r e a d i l y  ava i l a b l e  and/or 
encocahle data base. 
1 Severctl c r i t e r i a  a re  inc luded i n  the proposed i s t  f c r  v h l c h  standards must. s t i l l  
I be es tab l i shed  as a  r e s u l t  o f  o the r  ongoin? SPS research. These inc lude  r a d i o  
/ frequency i n t e r f e r e ~ ~ c e  effect:,  e t fec t ;  on m i g r a t i n g  w i l d l i f e ,  maximum w i r l  
1  i m i  t s ,  groundwater l c a c h i ~ ~ q  e f f e c t s ,  and o the rs .  
C a t . o r i z a t i o n  as Exc lus ion o r  I n c l u s i o n  C r i t e r i a  
I _- _ _ I 
i Exhi b i t  111-3 1  i s t r  the  proposed c r i t e r i a  under a s e r i e s  of general headinqr. 
' The e x h i b i t  a l so  i d e n t i f i e s  f o r  each c r i t e r i o n  i t s  proposcd exc lus ion  o r  i n c l u s i o ~  ! ; ca t ion.  This c a t e g o r i z a t i o n  r e f l e c t s  the l o g i c a l  t redtment  o f  t h e  v a r i a b l e  
anb i h e  manner i n  w!-$ich i t  w i l l  be t r e a t e d  i n  the  Rice I n i t i a l  Evaluat 'c i i  o f  
1 E l i g i b l e  S i t e  study. The Rice study team has p l o t t e d  s l l  o f  i t s  vai i a b l c s  on a  I ;,lap of  the  con t inen ta l  U.S. on which has teen superi.:pcsed a  g r i d  c o n s i s t i n g  o f  
squares 26 k i lometers  (16.2 m i l e s )  on a  s ide.  Using a  computer mapping r o u t i n e  
the s t a t i s  of  each v a r i a b l e  i n  each g r i d  square w i l l  be encoded 50 t h a t  t h e  I c o m p u i ~ r  may generate maps showir~g the land  area charac te r i zed  by t h a t  c o n d i t i o n  1 o r  by any combination o f  encoded cond i t i ons .  
The var ious exc lus ion and i n c l u s i o n  a p p l i c a t i o n s  designated i n  Exh ib i !  111-3 a r ~ d  
the curresponding computer t reatments are:  
I 
1. Exclusion-Universal  : These a r e  condi t i m s  which a r e  assumed t o  com- 
p l e t e l y  preclude l o c a t i o n  o f  a  rectenna s i t e  w i t h i n  t h e  g r i d  square. 
I 2. Exc lus ion-Potent ia l  : These a re  c o n a i t i o n s  which a r e  t o  be avoided i f  a t  a l l  poss ib le .  
I 
3. I nc lus ion -Po ten t ia l  : This cpa:.gory appl i e s  t o  d e s i r a b l e  c o n d i t i o n s  
r a t h e r  than s i t i n g  c o n s t r a i n i s .  If a p l o t  of  these c r i  t e r l : ~  were super- 
imposed on t h e  "non-excluded" area, the  r e s u l  t i n g  map would show n o t  
o n l y  which areas a r e  e l i g i b l e  b u t  which a r e  a c t u a l 1  ,: des i rab le .  
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C r i t e r i o n  
Land Charac te r i s t i cs  
Federa 1 Ownership 
Nat ional  Recreation Areas 
Ind ian Reservations 
Mi 1  i t a r y  Reservations 
Nat ional  Forests 
Bureau of    and Management 
Other 
Topography 
Topography Unacceptable 
South-facing slopes 
Wet1 ands 
Current ly  Productive Use 
Local Government Ownership 
State Recreation F a c i l i t i e s  
Other State Land 
Local Government Land 
I n  Flood Area 
Poor So i l s  
Seismic Hazard 
Water on S i t e  
High Groundwater Tab1 e 
North o f  40' La t i tude  
Urbanized Metropol i tan 
Urbanized Non-metropol i tan 
Adjusted Populat ion Density 
Exclusion 
Var iab le  
Universal  
Po ten t ia l  
Po ten t ia l  
Potent ia! 
Uni versa 1 
Po ten t ia l  
Uni versal  
Po ten t ia l  
Uni versal  
!Jnit.wsal 
Po ten t ia l  
Po ten t ia l  
Po ten t ia l  
Po ten t ia l  
i a 1 
i a l  
Uni versal  
Uni versal  
Universal 
Inc lus ion  Treatment inRiceUnivers i ty  
Variable 
-- E l i g i b i l i t y  Study1. 
Po t e n t  
Potent 
Potent 
Mapped, encoded (5 )  
Mapped, encoded (5) 
i a l  Mapped, encoded (5) 
Mapped, encoded (6)  
i a l  Mapped, encoded ( 5 )  
i a l  Mapped, encoded (5)  
Mapped, encoded (1  0) , 3 1 eve1 s  
Po ten t ia l  Mapped, encoded ( 1  1 ) , 3 l e v e l s  
Mapped, encoded as Wetlands (9)  
and Marsh Vegetation (10)  
Mapped, encoded as "Land i n  
Cu l t i va t i on "  (15), and "Land 
Su i tab le  fo r  Cu l t i va t i on "  (16) 
each a t  2 l e v e l s  
Not t rea ted  
Po ten t ia l  Not t rea ted  
Not t rea ted  
Not t reated ; Wetlands and 
navigable water ways a re  
p a r t i a l  proxies 
Not t rea ted  
Mapped, encoded (1 8) 
Adjacent N o t  t rea ted  
Not t rea ted  
Mapped, encoded ( 19 ) , Design 
Consideration on a1 1 sumnary 
maps 
Mapped, encoded (7 )  
Adjacent Mapped, encoded ( 7) : 
Densi ty >SC)/sq. m i  1 e 
Mapped, encoded (7)  : 
Densi ty >50/sq. m i l e  
'Reference 11 
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Cr i te r ion  
- 
Transportat ion 
In ters ta te  Highway 
Primary Local Roads t o  S i te  
A i rpor t  Nearby 
A i r  Approach Corridors 
Major A i r  Corridors 
Ra i 1 road 
Yavi gable Waterways 
C l  imate 
Winds Over 90 m.p.h. 
Winds Over 50 Knots 
Thunderstorm Area 
Hai 1 Area 
High Total Prec ip i ta t ion  
Acid Rain Area 
Dust Storm Area 
Environmental Concerns 
Very Poor A i r  Qua1 i t y  
Endangered Species Habitat 
Other W i l d l i f e  Habitat 
Wildfowl Flyways 
- il i t y  Inteqrat ion 
Proximity t o  Grid 
RFI Ef fects 
Near Major/Nurnerous RF Sodrces 
(Continued) 
Exclusion Inc l  us ion Treatment i n  Rice Universi ty 
Variable Variable E l i g i b i l i t y  Study' 
Potent ia l  Adjacent Mapped, encoded (13) 
Potent ial  Adjacent Not t reated 
Un i versa 1 Not treated; Fopulation as proxy 
Uni versa1 Not treated; Population as proxy 
Potent ial  Not t reated 
Potent ial  Adjacent Not treated 
Uni versa1 Mapped, encoded (1 2) 
Uni versa1 Not t reated 
Potent ial  
Potent ia l  
Uni versal 
Potent ia l  
Potent ial  
Potent ial  
Potent ial  
Uni versal 
Potent ial  
Potent ial  
Potent ial  
Mapped, enccded (20) : Design 
Considerat ion 
Mapped, encoded (22) : Design 
Considerat ion 
Happed, encoded (21) : Design 
Consideration 
Mapped, encoded (23) as Sheet 
Rainfa l l  ; Design Consideration 
Mapped, encoded ( 24) : Design 
Cons idera t i o n  
Not treated; Vind i s  p a r t i a l  
proxy 
Not t reated 
Mapped , encoded ( 14) 
Not t reated 
Mapped, encoded (1 7) 
Potent ia l  Overlay map only; not  encoded 
Not treated; Population i s  
p a r t i a l  proxy 
Source: Al lan D. Kotin, Economic Consultants d d  Space Solar Power Research Program, 
Rice University. 
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4. I n c l  usion-Adjacent : rhere a re  severdl  cond i t i ons  which would disqual  i f y  
a  s i t e  i f  they occurred on o r  immediateiy ad jo i n i ng  the proposed I 
rectenna s i t e ,  b u t w o u l d  a c t u a l l y b e d e s i r a b l e a t  a  r e l a t i v e l y c e a r b y  i 
locat ion,  i .e., i n  the next g r i d  square. This i s  p a r t i c u l a r l y  t r u e  o f  1 
major t ranspor ta t ion  access which cannot pass through a rectenna s i t e  I 
bu t  which would be q u i t e  des i rab le  t o  have r~earby, p a r t i c u l a r l y  dur ing  1 
cons t ruc t ion  . 
I n  two cases, the 5arne c r i t e r i o n  i s  cateqor ized as both an exc lus ion and 
jnc lus ion  var iab le .  M i l i t a r y  reservat ions may be " o f f  l i m i t s "  f o r  rectennas, 
p a r t i c u l a r l y  if there i s  apy weapons hazard o r  extens ive r ad io  transmission. On ! 
the o ther  hand, some m i l i t a r y  reservat ions a re  so l a rge  and so remote t h a t  a  I 
d i s t a n t  corner o f  one might be dn almost i dea l  rectenna s i t e .  Land and a i r  
access i s  probably a l ready r e s t r i c t e d ,  as i t  would have t o  he f o r  a  rectenna 
s i t e .  The land i s  f e d e r a l l y  omed, thereby min imiz ing zoning and a c q u i s i t i o n  
problems. 
The c r i t e r i o n  "Topography Unacceptable-south facing slopes" i s  a1 so c l a s s i f i e d  
as both a  po ten t i a l  i n c l us i on  and p o t e n t i a l  exc lus ion var iab le .  Theore t i ca l l y ,  
rectennas b u i l t  on south facing slopes hould  be p roper l y  o r ien ted  t o  rece ive a  I 
beam o r i g i n a t i n g  a t  the equator and the land would, therefore,  no t  have t o  be 
, leveled. P r a c t i c a l l y  speaking, however, i t  may be t h a t  l e v e l  s i t e s  are prefer -  I 
able i n  a l l  cond i t i ons  t o  topographica l ly  d i f f i c u ! t  ones. For t h i s  reason, the 
more general c r i  t e r i o n  "Topography Unacceptable" i s  def ined i n i t i a l l y  as 
excluding south fac ing  slopes. I n  subsequent ana lvs is  i n  thz  Rice studv, the 
south facing slope var iab le  i s  added back i n  as another exc lus ion var iab le .  I 
There a re  a  t o t a l  o f  42 c r i t e r i a  1  i s t e d  i n  E x h i b i t  111-3. O f  these exac t l y  h a l f ,  
o r  21, are c l a s s i f i e d  under the general heading "Land CharacSecir t ic5."  Two i 
subsets o f  these c r i t e r i a  a re  of p a r t i c u l a r  i n t e r e s t :  ( 1 )  tne un ive rsa l  I 
exc lus ion c r i t e r i a ;  and (2 )  po ten t i a l  exc lus ion c r i t e r i a  appl ied as "design I i
considerat ions."  1 
I 
Universal  Exclusion C r i t e r i a  
---- --
O f  the 42 t o t a l  c r i t e r i a ,  12 have been t e n t a t i v e l y  c l a s s i f i e d  as un iversa l  
exc lus ion c r i t e r i a .  Due p r i n a r i l y  t o  data l i m i t a t i o n s ,  on ly  7 o f  these 12 a re  
mapped and encoded i n  the Rice study as un iversa l  exc lus ion var iab les (see 
summary map 1 i n  Reference 11 ) .  These 7 are:  
1. Nat ional  rec rea t ion  areas. 
2. Topography unacceptable (exc lud ing south-facing slopes).  
3 .  Wetlands ( a s  defined by marsh vegetat ion) .  i ! 
4. Urbanized metropol i tan areas. 1 
5. Urbanized non-metropoli tan areas (popula t ion dens i t y  over 50 persons per / 
square m i  1  e) . I 
6. Adjusted populat ion dens i ty  (areas w i t h  populat ion dens i ty  over 50 I 
persons per square m i l e  a: i n f e r r e d  from a p o ~ . l l a t i o n  dens i t y  map). 1 
I 
7. Navigabie waterways. 
I The f i v e  "universa? exclusion" 1 data 1 im i t a t i ons  include: 
I 
I 1. State rec rea t ion  fac i  
var -ab les wh'ch were n o t  mapped o r  encoded due t o  ' 
I 
! 2. Local government land 
i 
i 3.  Nearby a i r po r t s .  
I 4. A i r  approach cor r idors .  
I 
i 5. Winds over 90 m.p. h. 
/ I n  the case o f  the  two a i r p o r t  r e l a ted  exc lus ion c r i t e r i a ,  a  p a r t i a l  proxy i s  
prov'ded by urbanizat ion since most l a rge  a i r p o r t s  e x i s t  near urbanized areas. 
S im i la r l y ,  a  p a r t i a l  proxy f o r  "winds over 90 m.p.h." i s  provided by the  va r i ab le  I "winds over 50 knots." The 1 i m i t a t i o n  o f  90 m.p.h. was s e t  f o r t h  i n  the Johnson 
I b r i e f i n g  (Reference S15) based on a p re l  iminary engineer ing study. Data on winds I  o f  t h a t  speed are n o t  r e a d i l y  ava i lab le  so the lower wind speed data was used i as a  proxy. No n a t i o n a l l y  publishnd data i s  ava i l ab le  on s t a t e  rec rea t ion  areas 1 o r  l oca l  government land. Consequently, p l o t t i n g  and encoding of t h i s  informa- 
! t i o n  w i l l  have t o  await  a  l a rge r  scale study pe rm i t t i ng  add i t i ona l  primary 
research. 
Variables Treated ds "Design Considerations" 
Many o f  the var iab les r e l a t i n g  t o  c l imate  were t rea ted  n o t  as exc lus ion var iab les  
i n  the Rice analys is  bu t  r a the r  as "design considerat'ons." The s i gn i f i cance  of 
t h i s  i s  t h a t  when other  exclusion var iab les are appl ied, the remaining e l i g i b l e  
area i s  f u r t h e r  c l a s s i f i e d  as t o  whether o r  no t  i t  i s  character ized by the  
var ious c l imate  condit ions. A s i m i l a r  treatment i s  provided f o r  f e d e r a l l y  owned 
1 and other  than na t iona l  rec rea t ion  areas, na t iona l  f o res t s  and Ind ian reserva- 
t ions.  The remaining federa l  land, e.g. m i l i t a r y  reservat ions and "other  federa l  
lands", may be a po ten t i a l  i nc l us i on  var iab le  s ince i t  may be des i rab le  t o  s i t e  
rectennas on federa l  land. 
I n  summary, there are a t o t a l  of e i g h t  va r iab les  t rea ted  as "design considera- 
t i ons" :  
1. Federal 1  ands - mi 1 i ta ry .  
2. Federal lands - other .  
3. Over 40 degree l a t i t u d e .  
4.  Wind storms (p robab i l i t y  of winds over 50 knots). 
5. Hai l .  
6. Thunders toms.  
7. Sheet r a i n f a l l .  
8. Acid r a i n f a l l .  
Gradieqt Treatment o f  Sel ected C r i  t e r i a  
tlost o f  the c r i t e r i a  l i s t e d  are treated, for  purposes o f  mapping,, as e i t h e r  
present o r  not  present. There are, however, several var iables which are encoded 
a t  d i f f e r e n t  1 eve1 s, thereby prov id ing a gradient o f  unacceptabi 1 i ty.  The 
c r i t e r i a  f o r  which some gradient was established are l i s t e d  below: 
1. Topography unacceptable (3  leve ls )  . 
2. Land i n  c u l t i v a t i o n  ( 2  leve ls ) .  
3. Land su i tab le  f o r  c u l t i v a t i o n  ( 2  levels) .  
4. Seismic hazards (2 levels) .  
5. Windstorms ( 2  leve ls ) .  
6. Acid r a i n f a l l  ( 2  leve ls ) .  
For the most part, these gradients are no t  re f l ec ted  i n  the sumnary o f  the Rice 
study presented i n  t h i s  report .  The i n f o r m t i o n  i s  there for those readers who 
wish t o  explore i t  i n  the maps and tables w j th in  the Rice study i t s e l f  (Reference 
11). 
C r i t e r i a  Not Treated i n  Rice " E l  i q i b i l  i ty" Study 
Almost 40 percent of the variables 1 i s t e d  are designated as "not treated" under 
the column "Rice Study, Current Status." I n  a few cases, t h i s  i s  a temporary 
condi t ion t o  be resolved w i th in  the time frame o f  the current  Rice e f fo r t .  I n  
most cases, however, formal mapping and encoding of these c r i t e r i a  w i l l  have t o  
be deferred t o  a l a t e r  task due t o  data 1 i r r i ta t ions.  Typical ly,  there i s  one o f  
two problems. E i ther  nat ional data i s  no t  ava i lab le  and s ta te  o r  regional 
sources must be assembled; o r  nat ional data i s  avai lab le but not  i n  a mapped 
form su i  tab1 e t o  p l o t t i n g  and encoding v 4 i  thout very extensive preprocessing. 
RFI ( rad io  frequency interference) e f fec ts  may be orie var iable f o r  which the 
relevant data set  has t o  be defined. The recent work by the I n s t i t u t e  f o r  Tele- 
communications Sciences (ITS) suggests tha t  RFI e f fec ts  may be f e l t  over a very 
wide area, such as the area covered by 1.5 degrees l a t i t u d e  and 1.0 degree 
longi tude (Reference 7). Furthermore, the po tent ia l  l y  adverse impacts of micro- 
wave transmission are a j o i n t  func t ion  sf the  number and s e n s i t i v i t y  o f  r ad io  
t ransmission sources i n  the area. What i s  needed here i s  a 1 i s t  o f  categor ies 
o f  sens i t i ve  users together w i t h  some method f o r  ascer ta in ing  t h e i r  geographical 
d i s t r i b u t i o n .  
111-5. PRELIMINARY FINDINGS OF R I C E  "ELIGIBILITY" STUDY 
Analysis o f  Ind iv idua l  Var iables 
The Rice " E l i g i b i l i t y "  Study contains 19 maps descr ib ing  the d i s t r i b u t i o n  o f  
approximately 25 var iables.  I n  t h a t  study, the t o t a l  area excluded w i t h i n  the 
contiguous 48 s ta tes  i s  presented. A sumnary o f  these f i nd ings  fo r  a l l  the 
var iab les  i s  shown i n  E x h i b i t  111-4. I n  t h i s  e x h i b i t ,  the manner i n  which the 
var iab le  was t rea ted  i s  noted under t he  column " va r i ab le  treatment." T':e t o t a l  
amount o f  area excluded by the app l i ca t i on  o f  each o f  these var iab les  i n d i v i -  
d u a l l y  i s  shown i n  three d i f fe ren t  ways : ( 1  ) number o f  g r i d  c e l l s  o f  approxi-  
mately 26 ki lometers squared; (2)  approximate s i z e  i n  both square k i lometers  and 
square mi les;  (3)  and as a percentage of  t he  t o t a l  gr idded area which corresponds 
c l ose l y  t o  the  t o t a l  area of t he  48 contiguous s ta tes.  
Reviewing t h i s  map ind icates t h a t  o f  the  e x p l i c i t  exc lus ion var iab les,  the  most 
s i g n i f i c a n t  i s  probably topography unacceptable which excludes 3.8 percent o f  
the  t o t a l  area. 
Populat ion var iab les a re  a1 so s i g n i f i c a n t  sources o f  exc lus ion a1 though i n  t h i s  
case, the  numbers alone are not p a r t i c u l a r l y  meaningful s ince there  i s  a h igh 
degree of  over lap among the  three populat ion var iables.  
The o ther  un iversa l  exc lus ion var iab les have genera l l y  minor e f f e c t  i n  rerms o f  
t o t a l  land area. 
Several o f  the po ten t i a l  exclusion var iab les are q u i t e  s i gn i f i can t ,  however. 
Perhaps the most s i g n i f i c a n t  o f  these i s  "f lyways o f  m ig ra to ry  waterfowl"  which 
accounts f o r  46.5 percent of the t o t a l  land area. 
Land su i t ab le  f o r  c u l t i v a t i o n  represents another powerful p o t e n t i a l  exc lus ion 
var iab le  which accounts f o r  almost 45 percent o f  the land  area i n  the  48 s ta tes.  
The on l y  o ther  po ten t i a l  exclusion var iab les t h a t  s i g n i f i c a n t l y  cons t ra in  the 
t o t a l  area are: i n t e r s t a t e  highways (18.5 percent excluded); land  i n  c u l t i v a t i o n  (20.2 percent excluded) ; and seismic hazards, inc lud ing  both major and moderate 
damage p o t e n t i a l  (88.8 percent excluded) . 
Several o f  the "design considerat ion" var iab les  a l so  con t r i bu te  s u b s t a n t i a l l y  t o  
r e s t r i c t i n g  the  e l i g i b l e  area. The two most important sources of cons t ra i n t  i n  
t h i s  regard are windstorms, which e l im ina te  approximately 55.4 percent o f  t he  
area and thunderstorms, which e l  iminate approximately 52.3 percent. Close behind 
these two, i s  the cons t ra i n t  o f  bu i l d i ng  rectennas on ly  below the  40 degree 
l a t i t u d e .  This var iab le  e l iminates 45.6 percent of the surface area considered 
i n  the study. 
EXttIEIT 111-4 - AREA (PND PrRCENT OF U.S. ) EXCLUDED BY LACH 
MPPEO VARIABLE 
Federdl Lands 
National Recreation Areas 
Indian Reservations 
M i l i t a r y  Reservations 
Other Federal Lands 
National Forests 
Population 
Standard Metropol i tan 
S t a t i s t i c a l  Areas 
Pooulation (Density 50 
personstsq. m i le  
Adjusted Population Density 
Marsh Jegetation 
Wetlands 
Topography Unacceptable 
Open Mountains 
H i l l s  
Nountains 
Topography Unacceotable, South 
Slopes 
Open Mountains 
H i l l s  
Hountains 
Navigable Waterways 
In ters tate Highways 
Endangered Species' Habitats 
Land I n  Cul t ivat ion 
I r r i ga ted  Land 
Cropland 
Land Suitable for Cul t ivat ion 
Greater Than 67% suitable 
50% t o  67% sui tab le 
Flyways o f  Migratory Waterfowl 
Seismic Hazdrds 
Major Damage Potent ial  
lloderate Damage Potent ial  
40 Degree Lat i tude 
Mindstowns 
2% Probabi l i ty  o f  Winds.50 knots 
1% Probabi l i ty  o f  Minds>50 knots 
Hai l  - Figure 21 D 
Thunderstorms D 
Sheet Rainfal l  D 
Acid Rainfal l  D 
PH Between 4.0 and 5.0 
PH Less than 4.0 
Excluded Area 
-- - - -  --- -_  -- __ _ _ _  _ _ _- __ 
No. of Approximate Area Pct. of U . x  
!rn?--- -1=$.7jTj. 
9 e r  Reference 11 
'E = Exclusion ( i n  f l r s t  s u m r y  map); PE = Potent ial  Exclusion (subsequent maps); 
D = "Design Consideration" tabulated but not p lo t ted on a l l  s m r y  maps 
3 ~ i c e  Study g r i d  c e l l s  approximately 26 km square 
"Based on t o t a l  g r i d  area ( fo r  48 U.S. States only) o f  11,699 c e l l s  (approx. 3,054,000 sq. mi.) 
- 
Source: A l lan 0. Kotln. Economic Consultants and Space Solar Power Research Program, 
Rlce Universi ty 
Other "design consideration" var iables w i th  some s ign i f i can t  e f fec t  are: 
sheet r a i n f a l l  (29.7 percent) and h a i l  (12.6 percent). 
Combined Ef fects o f  Exclusion C r i t e r i a  
The potent ia l  combinations o f  the various exclusion c r i t e r i a  represent a very 
large number. I n  the Rice study, eleven combinations o f  exclusion c r i t e r i a  were 
mapped (summary maps 1 through 11 i n  Reference 11). These represented examples 
o f  the type of " in tersect ion"  analysis t ha t  can reveal the incremental e f f e c t  o f  
adding addi t ional  exclusion variables. 
The i n i t i a l  combined mapping exercise was r e s t r i c t e d  t o  the f i v e  "univ r s a l  t exclusion" c r i t e r i a  f o r  which the Rice study was able t o  encode data: 1) Nation- 
a l  recreat ional areas; (2) population density; (3)  topography unacceptable; 
(4) navigable waterways; and (5) marsh vegetation. Subsequent maps represent 
the appl icat ion o f  successive addi t ional  exclusion c r i t e r i a  t o  the e l i g i b l e  
area remaining i n  sumnary map 1 w i th  the i n i t i a l  f i v e  exclusion c r i t e r i a .  
The resu l ts  o f  these eleven analyses are summarized i n  Exh ib i t  111-5. The upper 
pa r t  o f  t h i s  exh ib i t  shows the var iable values excluded i n  each o f  the eleven 
maps (as XXX i n  the appropriate columns). For each o f  the excluded variables, 
an i n i t i a l  percentage i s  given which indicates the amount o f  area w i t h i n  the 48 
United States tha t  would be excluded j u s t  by the appl i ca t ion  of t h i s  var iab le  
alone. For sumnary maps 2 through 11, two numbers are given a t  the f o o t  o f  each 
column ind ica t ing  the incremental e f f e c t  o f  adding t h a t  exclusion var iab le  t o  thf 
preceding variables i n  l i m i t i n g  the e l i g i b l e  area. The f i r s t  number i s  the 
number of g r i d  squares and the second number i s  the percentage o f  t o t a l  area 
represented by those gr i d  squares. For example, wetlands, as d is t inguished from 
marsh vegetation, i n  '.otal exclude 4.2 percent o f  the t o t a l  area. Considered as 
an incremental effect, they exclude only  1.6 percent more than would be excluded 
by the f i r s t  f i v e  variables. 
An examination o f  t h i s  por t ion of the tab le  indicates t h a t  the var iables added 
i n  maps 2 through 6 have r e l a t i v e l y  minor impact on the t o t a l  amount o f  exclusior 
Neither wetlands, south slopes - unacceptable, nat ional  ?orests, Ind ian reserva- 
tions, nor endangered species s i g n i f i c a n t l y  reduce the e l i g i b l e  area o r  increase 
the excluded area. I n  the case of i n t e r s t a t e  hfghways (sumary.nap 71, the 
reduction i s  po ten t i a l l y  s ign i f i can t .  The add i t ion  o f  t h i s  var iable t o  the 
preceding variable increases the  excluded area by 5.8 percent o f  the t o t a l  . To 
some extent t h i s  i s  misleading, as noted i n  the Rice study, since the presence 
of an i n te rs ta te  highway i n  a g r i d  c e l l  does not  necessari ly d isqua l i f y  the g r i d  
c e l l .  A t  t h i s  point,  the analysis has no t  been re f ined t o  permit  any b e t t e r  
judgment than simply "preset" o r  "not present". 
One in te res t ing  aspect o f  t h i s  analysis i s  t o  show tha t  the incremental impacts 
can be much smaller than the t o t a l  impacts. For example, nat ional  forests accoun 
f o r  11.3 percent o f  the t o t a l  land area. Yet, when nat ional  fo res ts  are added t a  
the map wi th  7 preceding exclusion variables, the incremental e f fec t  i s  only  2.2 
percent. 
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The treatment o f  land i n  c u l t i v a t i o n  o r  su i tab le  fo r  c u l t i v a t i o n  as a potent ia l  
exclusion variable does appear t o  have a very s i g n i f i c a n t  effect on the amount 
o f  area excluded. Land i n  c u l t i v a t i o n  which accounts i n  t o t a l  f o r  approximately 
20.2 percent o f  the  land area, represents an incremental e f f e c t  of 9.9 percent. 
Land su i tab le  f o r  c u l t i v a t i o n  (44.8 percent o f  the t o t a l  land area) has an 
incremental e f f e c t  of 10.1 percent. 
Seismic hazards represent a s im i la r  incremental e f f e c t  (10.2 percent). Obviously 
most o f  the seismic area has already been excluded by the variables used i n  map 7 
since seismic hazards, i n  to ta l ,  represent 38.8 percent o f  the t o t a l  land area. 
The exclusion variable w i th  the  la rgest  incremental e f f e c t  i s  "flyways o f  
migratory fowl. " As indicated by the l e f t  hand column, t h i s  c r i t e r i a  i s  the 
most s ign i f i cant  of a l l  the exclusion variables considered on both a t o t a l  and 
incremental basis. The t o t a l  land area excluded under t h i s  var iable i s  46.5 per- 
cent. The incremental e f f e c t  i s  18.1 percent. What t h i s  suggests i s  that,  un l ik  
some o f  the other variables, i n  t h i s  case the addi t ion o f  t h i s  var iable excludes 
substant ial  port ions of the United States t h a t  are not  excluded by combinations 
of other exclusioti variables. Clearly, the imposit ion o f  t h i s  constra int  on 
rectenna s i  t ings w i l l  have a p a r t i c u l a r l y  bad e f f e c t  on the amount o f  remaining 
e l i g i b l e  area for s i tes.  This i s  o f  pa r t i cu la r  s igni f icance since the  impact o f  
microwave transmission on migratory wi ldfowl has no t  been establ i shed. 
The lower pa r t  of Exh ib i t  111-5 essent ia l l y  presents the converse o f  the excluded 
areas shown i n  the upper part. I n  t h i s  case the remaining e l i g i b l e  area i s  
tabulated f o r  each sumnary map. This tabulat ion i s  presented both f o r  the t o t a l  
area, and f o r  the imposit ion o f  four o f  the so-called "design consideration" 
variables. The i n i t i a l  f i v e  exclusion variables (sumnary map 1) leave a remainin 
area o f  52.5 percent o f  the t o t a l  land area. If, i n  addit ion, areas nor th o f  
40 degree l a t i t u d e  are also excluded, the remaining area i t s e l f  of 40 degrees i s  
only 26.9 percent of the t o t a l  land area. Alterna' ively, the removal o f  a l l  
areas w i th  50-knot winds reduces the t o t a l  t o  24.2 percent. Hai l  seems t o  have 
r e l a t i v e l y  l i t t l e  effect reducing the remaining e l i g i b l e  area only from 50.5 per 
cent t o  41.8 percent. The e f f e c t  o f  thunderstorms i n  t h i s  instance i s  about the 
same as the e f fec t  o f  50-knot winds, leaving 24.5 percent remaining e l i g i b l e  area 
The smallest remaining e l i g i b l e  area o f  a l l  the sumnary maps i s  the one 
associated w i th  map 9 i n  which both land i n  c u l t i v a t i o n  and land su i tab le  f o r  
c u l t i v a t i o n  are excluded. Under these s t r ingent  conditions, only 17.3 percent of 
the t o t a l  land area i s  i n  the remaining e l i g i b l e  category. I f  t h i s  i s  fu r the r  
reduced t o  only t h a t  land south o f  40 degree la t i tude,  the  t o t a l  i s  ac tua l l y  
under 10 percent (9.3 percent). Almost equal ly dramatic i s  the independent addi- 
t i o n  migratory wi ldfowl f l y w a ~ s  i n  sumnary map 10. I n  t h i s  case the t o t a l  i s  
reduced t o  19.2 percent remaining e l i g i b l e  area. The imposit ion of f u r the r  con- 
s t ra in t s  for e i t he r  50-knot winds o r  thunderstorms reduces the remaining area t o  
under 9 percent of the t o t a l .  
One in teres t ing  charac ter is t i c  o f  the lower pa r t  of Exh ib i t  111-5 i s  t h a t  i t  shoh 
the d i f f e ren t ia l  effects o f  the design considerations, e.g. south of 40 degrees, 
winds, h a i l  and thunderstorms, on the remaining area under d i f f e r e n t  summary map 
assumptions. For example, i n  summary map 11 the t o t a l  remaining e l i g i b l e  area i s  
27.1 percent. This i s  c u t  by almost two- th i rds t o  10.8 percent i f  the design 
va r i ab l e  "w i thou t  thunderstorms" i s  a lso  considered. By way o f  cont rast ,  the 
imposi t ion o f  the thunderstorms c r i t e r i a  t o  summary map 1 o r  2  reduces the a v a i l -  
ab le  area on ly  by approximately h a l f  (from 48.9-50.5 t o  24.1-24.5 percent ) .  
No f i n a l  conc lus ims  can be drawn from t h i s  admi t ted ly  1  im i t ed  sampling o f  the 
poss ib le  combinations. Nevertheless, i t  does appear t h a t  many o f  the vk r iab les  
which a re  po ten t i a l  cons t ra in ts ,  do no t  have a subs tan t ia l  incremental e f f ec t .  
On the o ther  hand, a  few, notab ly  land i n  c u l t i v a t i o n ,  w i ld fowl  f lyways, and 
seismic hazards do have an important e f f e c t .  
The D i s t r i b u t i o n  of E l i g i b l e  Areas - An Example I l l u s t r a t i o n  
The t o t a l  amount o f  e l i g i b l e  area remaining a f t e r  the app l i ca t i on  o f  any combina- 
t i o n  o f  exc lus ion var iab les i s  perhaps l ess  s i g n i f i c a n t  than the geographical 
d i s t r i b u t i o n  o f  t h a t  area. Substant ia l  po r t ions  nf the  energy consumption o f  the 
U n i t t d  States seem t o  be concentrated i n  areas which appear t o  have l i t t l e  
po ten t i a l  f o r  p rov id ing  rectenna s i t es .  I n  order  t o  measure t h i s  e f f e c t ,  i t  i s  
necessary f i r s t  t o  es tab l i sh  the d i s t r i b u t i o n  o f  "need" f o r  add i t i ona l  e l e c t r i -  
c i t y  i n  the Uni ted States. A recen t  study performed for  the Oepartment of Energy 
a t  Oak Ridge Nat ional  Laborator ies (Reference 8 )  provides a usefu l  s t a r t i n g  
p o i n t  f o r  t h i s  analysis.  I r l  t h a t  study, e l e c t r i c a l  consumption i n  the year 1985 
was pro jected on a s ta te -by -s ta te  bas is  f o r  the e n t i r e  Uni ted States. The same 
ana lys is  contains a  t reatment o f  t o t a l  energy imports. E l e c t r i c i t y  i t s e l f  tends 
t o  be i n  balance w i t h i n  any region, though no t  always w i t h i n  i nd i v i dua l  s7:ates. 
The reason f o r  t h i s  i s  t h a t  i t  i s  a  r e l a t i v e l y  l ess  t ranspor tab le  form o f  energy 
than e i t h e r  o i l ,  na tu ra l  gas, o r  coal .  Hence, regions w i l l  import  s u f f i c i e n t  
energy i n  o ther  fuel forms t o  provide the  necessary e l e c t r i c i t y  t o  keep them i n  
balance. Consequently, the Oak Ridge r e p o r t  showed on ly  t r i v i a l  import-export  
balances f o r  e l e c t r i c i t y  i n  any region. The s i t u a t i o n  w i t h  respect t o  t o t a l  
energy imports was q u i t e  d i f f e ren t .  I n  t he  Uni ted States as a  whole (48 s ta tes  
on l y )  i s  a  subs tan t ia l  ne t  importer o f  energy and i s  p ro jec ted  t o  impor t  16,404 
quads (B tu ' s  x lo1*)  i n  1985. 
E x h i b i t  111-6 provides a map showing the census regions and geographic d i v i s i o n s  
i n  the  Uni ted States. This reg ional  c l a s s i f i c a t i o n  was se lected p r i m a r i l y  
because o f  the f a c t  t h a t  the  energy consumption data base was developed based i n  
p a r t  on census mate r ia l .  A second reason i s  t h a t  the  most obvious a l t e r n a t i v e  
reg iona l  con f i gu ra t i on  f o r  analys is  would be t he  reg ional  e l e c t r i c  re1 i a b i l  i t y  
counci 1  s  ( ERC' s)  . Unfortunately, energy data i s  on l y  ava i  1  able on a s  tate-by- 
s t a t e  bas is  and ERC boundaries do no t  always correspond t o  s t a t e  boundaries. The 
d l s t r i  bu t i on  of e l e c t r i c a l  consumption and t o t a l  energy import  by reg ion  and 
d i v i s i o n  i s  shown i n  E x h i b i t  111-7. Of t he  four major regions o f  the  Uni ted 
States, e l e c t r i c i t y  consumption i s  most heav i l y  concentrated i n  the South (38.5 
percent)  and l e a s t  concentrated i n  the  West (16.2 percent) .  

EXHIBIT I I 1-7 - PROJECTED REGIONAL ELECTRICITY CONSUWTION 
AND TOTAL ENERGY IMPORTS, 1985 
m r a p h i c  Division Electr ical  Consumption1 
Region kwhx 10 Pct. o f  U.S.2 
East - 626 .- 19.6 
tlcw England 129 4.1 
Middle At lant ic 497 15.5 
North Central 824 25,1 
East North Central 589 18.4 
West North Central 235 7.3 
Scuth 1,231 38.5 
Swth Atlant ic 585 18.3 
East South Central 306 9.6 
West South Central 340 10.6 
Yes t - 520 16.2 
- 
Hountain 1 62 5.0 
Pacific (excluding 358 11.2 
Alaska and Hawaii 
TOTAL 48 STATES 3,201 100.0 
Total Enerqy Imports 
btu's x 1012 Pct. o f  U.S.' Pct. of Gross4 
l~onverted, i n  accordance with source, a t  3213 btulkwh 
*€xcluding Alaska and Hawaii 
3~~ rcen tage  of net to ta l  imports; minus n ~ b e r s  indicate exporting regions 
'Perentage of gross regional imports of 43,834 x l o1*  btu's not offset by interregional expor 
L 
Source: Reference 8 and Allan 0. b t i n ,  Economic Consultants 
The s i tuat ion wi th respect t o  to ta l  energy imports is, however, qui te different. 
I f  the net energy imports o f  the United States are divided among the four regions 
the Northeast New Englandaddle Atlant1c)accounts for almost 90 percent and the 
North Central \ Midwest) accounts for 99 percent. The reason f o r  t h i s  i s  that  the 
other two major regions, the South and the West, are net exporters of energy. 
The West South Central region (Texas, Oklahoma, Louisiana and Arkansas) by i t s e l f  
accounts for energy exports larger than the net energy imports of the en t i re  
country. I n  order t o  adjust f o r  this, the l a s t  colunn on the exh ib i t  expresses 
the regional share of the gross energy imports without offsett ing negatives. I n  
t h i s  case, the Hountain and West South Central region are not included since they 
are the net energy exporters. The percentages assigned t o  the remaining regions 
are predicated on t he i r  share of a revised "gross" to ta l  energy import. By t h i s  
measure, the East accounts for 33.6 percent o f  imports, the North Central f o r  
37 percent, and the South At lant ic  region f o r  an additional 17.1 percent. I n  
the West, only the Paci f ic  region (excluding Alaska and Hawaii) has net energy 
imports, accounting f o r  10.2 percent o f  the gross energy imported. 
The suggestion i s  often made that  rectenna s i tes  should, i n  theory, be d is t r ibu te  
i n  accordance wi th e l e c t r i c i t y  aernand o r  some other index of energy need. The 
percentages presented i n  Exhibit  111-7 can be used t o  provide tentat ive example 
distr ibut ions o f  rectenna s i tes  that  would meet these objectives. I n  Exhibit  
111-8, a hypothetical d is t r ibu t ion  of s i tes  i s  presented based f i r s t  on e lec t r i -  
c i t y  consumption i n  1985 and then on t o ta l  energy d e f i c i t  o r  imports i n  1985. As 
shown i n  the exhibit, the South would account f o r  the largest  number o f  s i tes  
(23) if si tes were t o  be theoret ical ly  d istr ibuted on the basis of e l e c t r i c i t y  
consumption. The Northeast and West would have the lowest number o f  s i tes  (12 
and 10 respectively) . 
The si tuat ion i s  qui te d i f fe ren t  if the d is t r ibu t ion  of s i tes  i s  based on t o ta l  
energy def ic i t .  I n  t h i s  ctse, over two-thirds of the s i tes  would be concentrated 
i n  the Northeast and North Central (20 and 22 s i tes  respectively). The Middle 
At lant ic would account by i t s e l f  for one-quarter of the s i tes  (15). Both the 
West and the South no111d have disproportionately ma1 1 number o f  rectenna sites. 
Using these highly tentat ive bases for the d is t r ibut ion of sites, i t  i s  possib 
t o  re-examine the information on e l i g i b l e  areas i n  terms of the s u i t a b i l i t y  o f  
d is t r ibut ion of the e l i g i b l e  area. Based on sumnary map 1 ( the f ive i n i t i a l  
exclusion variables), an i l l u s t r a t i v e  analysis o f  t h i s  type i s  sumnarized i n  
Exhibit  111-9. 
The upper port ion of t h i s  exh ib i t  shows the regional d is t r ibu t ion  of e l i g i b l e  
area, f i r s t  for the :ve basic exclusion c r i te r ia ,  and then wi th  various addi- 
t ional  exclusions for design considerations. 
Ignoring any design considerations, i t  would appear that the f ive basic exclusion 
c r f t e r i a  (sumnary map 1) leave a remaining e l i g i b l e  area heavily concentrated i n  
the South and West. Forty percent of the e l  i g i b l e  area i s  i n  the West, w i th  
most of that  i n  the Mountain states. Thirty-one percent i s  i n  the North Central, 
with most of that  i n  the less populated West North Central region. The Northeast 
EXHIBIT 111-8 - HYPOTHETICAL DISTRIBUTION OF SITES 
Geographic Division 
Region 
Based on 1985 
E lec t r i c i t y  Usage1 
- 
Based on 1985 
Total Energy Defici  t2. 
East 
New England 
Middle At lant ic  
North Central 
East North Central 
West North Central 
South 
South At lant ic  
East South Central 
West South Central 
West 
Mountain 
Pacific 
TOTAL U .S. (48 STATES) 
'Based on percentage d is t r ibut ion i n  Exhibi t  I 11-7 
*Based on percentage d is t r ibu t ion  o f  Gross Imports as shown i n  Final column o f  
ExhCbi t 111-7 
Source: A1 lan D. Kotin Economic Consultants 
EXHIBIT 111-9: REGIONAL DISTRIBUTION AND AREA PER SITE FOR 
FIVE BASIC EXCLUSIONS WITH LATITUDE CLIMATE VARIATIONS 
E l i g i b l e  Are? ( i n  Number o f  Map Grid Cells) 
. v 
SEOGRAPHIC DIV IS ION Five Basic Additional Exclusions f o r  DesignL Exclusion North Windstorms Thunder- Re: h n  c r i te r ia '  o f  400 over 50 knts Hai 1 
r 
storms 
. 
Total Number of Cel 1s" No. a! rb % No. % No. % No. k tn 
Total U.S. 5903 100.0 3148 100.0 2829 100.0 4895 100.0 2857 100.0 
ORTHEAST 120 2.0 0 0 89 3.1 120 2.5 120 4.3 
Nm Enqland 921.5 7  853.r)- -Em 
I East South Central 1 243 4.1 1 243 7.7 1 0 0 1 243 5.0 1 0 0 1 
West South Central 1069 18.1 1069 33.9 1 166 5.9 751 15.3 354 12.4 
JEST 
b u n  ta  i n 
Pacif ic 358 6.1 108 3.4 358 12.6 358 7.3 358 12.5 
I East North central (11,181 
West North Central (4,4) - 
OUTH (23.121 
I south ~ t l a n t i c  (11,ll) East South Central (6.1) 
- - .  
West South Central (6,O) 
EST (10.6) 
bu;.tain (3,0) 
I Paci f ic  (7,6) 
Unacceptable topography, population density , national recreation areas, and navigable 
wa temays . 
* See Exhibit  111-4 
48 contiguous states only 
26 Ian square map g r i d  c e l l  s 
EC=sites d is t r ib ted based on 1985 e l e c t r i c i t y  use 
SOI=sites distr ibuted based on 1985 share of imports of t o ta l  energy (See Exhibi t  111-8) 
Number o f  s i tes  each region "should" have (EC, SOI) 
Source: Reference 11 and Allan D. Kotin Economic Consultants 
which accounts fo r  20 percent 3: e l e c t r i c a l  consumption and almost 34 percent o f  1 
gross energy imports, has only  2 percent o f  the e l  i g i b l e  area. The Middle 
At lan t ic ,  which by i t s e l f  accounts f o r  15 percent of e l e c t r i c i t y  consumption 
i 
l 
and 25 percent of projected t o t a l  energy imports, has less than one-half o f  one ; 
percent of the are+.  i 
! 
The imposit ion of  !he various c l imato logical  design exclusion c r i t v i a  does tend I 
t o  change both t k  F d i s t r i b u t i o n  of the area as d e l l  as the amount u f  e l i g i b l e  ; 
area remaining. ' o r  example, if a l l  areas w i t h  windstorms over 50 knots are 
excluded, there i s  v i r t u a l l y  no remaining area i n  any region except the West 
which accounts for almost 73 percent of the area. The Northeast and South have I 
neg l i g ib le  remaining areas. 
Any attempt a t  eva'uating the appropriateness o f  the d i s t r i b u t i o n  o f  e l i g i b l e  i 
area must consider not only  the percentage of area i n  various regions but  the 
amount. On!? way t I r e f l e c t  both the d i s t r i b u t i o n  o f  e l i g i b l e  area and the amount 1 
of e l i g i b l e  area '; t o  use a r a t i o o f  the number o f  g r i d  c e l l s  of e l i g i b l e  area 
per theoreLica1 siee. This c e l l l s i t e  r a t i o  gives effect t o  the t o t a l  amount o f  ' 
area and a l s ~  shows on a comparative basis the mald is t r ibu t ion  associated w i th  , 
d i f f e r e n t  exclusion variables. Such an analysis i s  included a t  the bottom o f  I 
Exh ib i t  111-9. Th? U.S. as a whole (48 states)  contains 5,903 e l i g i b l e  g r i d  
c e l l r  undei the f i ve  basic exclusion c r i t e r i a .  It also sha l l  contain 60 s i tes.  i 
The c e l l l s i t e  r a t i o  i s ,  therefore, 98 c e l l s  per s i t e .  By i t s e l f  t h i s  i s  a q u i t e  ; 
comfortable r a t i o  since each c e l l  could nominally accommodate more than three , 
rectenna s i t es  and there would. therefore, be a 300:l r a t i o  o r  be t te r  f o r  the i 
U.S. as a whole. Looking a t  the c e l l / s i t e  r a t i o s  f o r  ind iv idua l  regions shows 
wide variat ions. The Western United States and spec i f i ca l l y  the Mountain region 
are extremely u ? l  l endowed w i th  e l i g i b l e  areas per s i t e  required. I n  the "EC" 
column which reiwesents the number o f  s i t e s  d i s t r i bu ted  according t o  e l e c t r i c a l  
constimption, th.) mun ta in  states have the highest r a t i o n  a t  673 c e l l s  per requ i te  
s i t e .  The Middle A t l an t i c  has the lowest r a t i o  a t  3 c e l l s  per required s i t e ,  a 
d i f ference by a factor of ov 200 between these two regions. 
If rectenna s i t e s  are t o  be d i s t r i bu ted  based on the share of imports (SOI), then 
the second colunn i n  each p a i r  should be used. In t h i s  instance, the most 
generously endowed region i s  the West North Central which requires four  s i t es  
and has a t o t a l  avai lab le area o f  1,498 g r i d  squares for  a r a t i o  o f  375 g r i d  
squares per s i t e .  Again, the Middle A t l an t i c  i s  the worst region w i th  a r a t i o  o f  
only  2 c e l l s  per s i t e  (28 c e l l s  t c t 8 l  t o  accommodate 15 s i t es ) .  As t h i s  pa r t  o f  
be tab le  c l e a r l y  shows, under any assumption the Northeast i s  consis tent ly  under 
endowed w i th  e l i g i b l e  areas. bn the assumption of windstorms, the South i s  a lso 
l a rge l y  undersupplied w i th  . I  i g i b l e  area as i t  i s  w i th  thunderstorms. I n  most 
instances, t h w e  i s  more lhan an adequate number of s i t es  i n  the West and a 
general ly adequate niv-ber i n  the North Central area. The s t a t i s t i c s  on the 
North Central are st- w h a t  misleading since most o f  the e l i g i b l e  area i s  i n  the 
West North Centra' (Northern Plains states) ra ther  than the East North Central 
(h igh ly  u r b a n i m i  i ~ d u s t r i a l  Midwestern states) .  
The f o r e g o i r j  analysis of d i s t r i b u t i o n  i s  intended merely t o  i l l u s t r a t e  one 
approach t o  examining the d i s t r i b u t i o n  o f  e l i g i b l e  areas as wel l  as the t o t a l  
magnitude. Obviously. any consideration o f  land use requirements must consider I 
both the to ta l  and the d is t r ibut ion not only f o r  t h i s  one example, but f o r  a l l  
the various combinations of exclusion c r i t e r i a  that  appear t o  be meaningful. 
This i s  a key task fop subsequent analysis. 
I 11-6. CRITICAL UNRESOLVED ISSUES 
I 
I 
I 
! 
General Issues ! 
Several physical characterist ics of the SPS rectenna would seem t o  impose import- 1 
res t r ic t ions an the type of s i tes  that may be selected. One example of t h i s  i s  ; 
the requirement f o r  generally level s i tes  so as t o  minimize the problems i n  
erecting a massive seriec o f  presumably level and para1 l e l  receiving panels 
(bi l lboards). Another example i s  wfnd resistance which a t  one point was nomi- i 
nal ly  set, i n  a highly preliminary aralysis,at 90 miles per hour. I n  the course ' 
o f  t ry ing t o  confirm these l imi ta t ions on rectenna sites, the fol lowing response , 
was frequently encountered, "We1 1 , i t  's j us t  a matter of money. I f  we spend a 1 
l i t t l e m o r e w e c a n l e v e ' a m o u n t a i n .  I f w e s p e n d a l i t t l e m o r e w e c a n b u i l d a  / 
rectenna t o  res is t  150 miles per hour winds." This type o f  response i s  not 
necessarily specious. The do1 l a r  comnitments involved i n  rectenna construction j 
are huge ($2.5 b i l l i o n  each). A t  the same time, however, t h i s  type o f  reasoning 
can remove too many constraints and make the i n i t i c l  evaluation ef for t  an empty 1 
exercise. Some type o f  pol i cy  d x i s i o n  wi th respect t o  the frame of evaluatio-n 
i s  needed. One option would be, as mentioned i n  the energy analysis section, t o  
freeze the reference concept and not t o  permit any variat ions as a function o f  
"spending a l i t t l e  more money." 
An al ternat ive would be t o  pursue further the analysis i n  the Rice study t o  
ident i fy  which parameters would have the greatest impact on expanding tne e l i -  
g ib le  area. Once ident i f ied,  estimates of revised costs could be requested 
from the design-cost team. These could be i n  the form o f  addit ional "options" 
jus t  as the s i l  icon and gal 1 ium arsenide photocell s represent options. Whatever 
approach i s  selected, ground rules or pol ipies re l a t i ng  t o  t h i s  nominal cost 
f l e x i b i l i t y  should be set p r io r  to the next round o f  land use and s i t i n g  study. 
The inclusion o r  exclusion o f  rectenna s i tes on the sea i s  anothor c r i t i c a l  
general issue requir ing resolution. I t  relates spec i f ica l ly  t s  the increasing 
cost issue discussed above. It i s  frequently stated that  theix dre no inhersnt 
technological problems i n  bui ld ing a rectenna offshore and that  i t  i s  "only a 
matter of money." Unfortunately, there exists no reference concept o r  pre l imi -  
nary design t o  confirm t h i s  widely held be l ie f ,  Furthermore, i t  i s  rtot c lear 
"how much more money" an offshore s i t e  would cost. It may be argued tha t  the 
cost increment i s  not c r i t i c a l .  The same does not apply t o  the need for some 
sort o f  design. Constructing a rectenna offshore would create a var ie ty  o f  new 
parameters t o  be considered. For example, does wave action become a s i t i n g  
c r i t e r i a?  What about the relat ionship t o  shipping lanes and shipping comnuni- 
cations? Are there d i f ferent  kinds of problems associated wi th high voltage 
transmission over water than over land? How deep can the water be a t  a locat ion 
where a rectenna s i t e  i s  t o  be erected? I s  there a problem o f  corrosion f o r  
both the metal l ic  and the electronic components i n  the rectenna? 
The b r i e f i n g  l i t e r a t u r e  on the reference concept does not  discuss sea s i t es  
i spec i f i ca l l y .  Without some discussion and even the coarsest o f  design parameters,! 
any attempt t o  evaluate s i t es  i n  the next round of s i t e  evaluat ion w i l l  be a ! 
1 argel y empty exerc i se. 
A t h i r d  and f i na l  general issue t o  be considered concerns the j o i n t  use of rec- i 
tenna s i tes .  Various references t o  po ten t ia l  j o i n t  ag r i cu l t u ra l  uses of rectenna I 
s i t e s  are s p r i ~ i k l e d  throughout the l i t e r a t u r e .  The Arthur D. L i t t l e  study, f o r  I 
example, has two such re la ted  c r i t e r i a  i n  i t s  s i t i n g  c r i t e r i a  l i s t .  A b r i e f  
review o f  the SPS l i t e r a t u r e  provides no general descr ipt ion much less any spe- : 
c i f i c  ~reatment  o f  such j o i n t  benef ic ia l  uses. What few references are found 
are e x p l i c i t l y  speculative i n  nature. A minor po l i cy  decision i s  required w i th  
respect t o  the inc lus ion  o f  such j o i n t  uses i n  any s i t i n g  evaluation. If they 
are t o  be included, some l i m i t e d  independent study i s  required t a  ind ica te  t h e i r  
scope and requirements . 
Speci f ic  Issues 
The creat ion o f  a c r i t e r i a  l i s t  and i t s  app l ica t ion  t o  the computer-mapping exer- 
c i se  undertdken a t  Rice revealed a var ie ty  o f  spec i f i c  issues involved i n  s i t i n g  
which have not  been resolved. The briefingdocumentswhich support the SPS I 
rcferenceconcept do not contain s u f f i c i e n t  information t o  es tab l ish  standards I 
f o r  manv o f  these c r i t e r i a .  I n    art t h i s  i s  because the basis f o r  establ ish ing : 
s tandark  i s  t o  emerge from white papers o r  subsequent study e f fo r ts .  - 
Exhibit III-10 provides a b r i e f  l i s t  o f  these spec i f i c  issues, together w i th  per- 
ceived sources o f  resolut ion.  I n  some cases, the source o f  resolut ion i s  an 
in te r face  w i th  another white paper e f f o r t .  The obvious imp1 i ca t i on  i s  t ha t  sub- 
sequent invest igat ions should be more c lose ly  coordinated i n  those areas. 
I I I-?. RECOMMENDATIONS FOR FURTHER STUDY AND INVESTIGATION 
Before undertaking the next round o f  evaluat ion on land use and s i t i n g ,  several 
steps should be taken t o  assure substantive resu l t s  : 
1. Resolve o r  I n i t i a t e  Resolution - of General Issues 
For the most part ,  these are issues tha t  w i l l  not go away. The sea s i t i n g  prob- 
lem and the degree o f  adherence t o  the reference concept i n  the face of the " j us t  
a 1 i t t l e  more money" syndrome w i l l  continue t o  plague a l l  f u tu re  s i t i n g  efforts.  
I f  reso lu t ion  cannot be ef fected p r i o r  t o  i n i t i a t i o n  of the next round o f  eval- 
uation, then milestones and schedules should be set  so tha t  answers are ava i l -  
ab le t o  the consultants we1 1 hefore the f i n a l  reports are due. 
2. Revierr Rice Study Findings and Extend h l y s i s  
The summarization and extension of the Rice analysis presented i n  t h i s  paper i s  
l a r g e l y  i ? l u s t r a t i v e  i n  nature. F i r s t  of a l l ,  the number of combinations tested 
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by Rice was i t s e l f  a r b i t r a r i l y  1 imited. Secondly, there a re  numerous questions ! 
o f  data re1 i a b i l  i t y  and add i t i ona l  data gather ing ra ised  i n  the Rice repo r t  1 
i t s e l f  which should be resolved before fu r ther  extensive q u a n t i t a t i v e  analys is  ' 
i s  appl ied t o  t h e i r  f ind ings.  
I t  i s  c l e a r  t ha t  an extension of  the computer analys is  model t o  perform a 1 d i s t r i b u t i v e  ana lys is  as we l l  as a s imple q u a n t i t a t i v e  d e r i v a t i c n  of t o t a l  i 
e l i g i b l e  areas i s  i n  order.  This should probably be one o f  the f i r s t  p r i o r i t i e ~  ' 
s ince even the e x i s t i n g  data base could y i e l d  much more sens i t i ve  in format ion 
on t ke  d i s t r i b u t i v e  e f f e c t  of var ious exc lus ion var iab les.  
A t  t h i s  point ,  the Rice ana lys is  i s  l a r g e l y  i l l u s t r a t i v e  ra the r  than conclusive. 
The add i t i on  o f  grad ients  and t h e i r  analys is  o f  the separable grad ient  e f f e c t  
could be o f  s i g n i f i c a n t  value i n  those areas which are p a r t i c u l a r l y  sens i t i ve .  
For example, f u r t h e r  refinement i n  both the data base and the ana l y t i c  framework , 
f o r  migratory fowl f lyways i s  c l e a r l y  ind ica ted  by the d r a s t i c  e f f e c t  of  t h i s  : 
variab;e on the e l i g i b l e  areas. I 
S im i la r l y ,  key excluded var iab les should be introduced i n t o  the analysis.  Most 
notable among these are some more e x p l i c i t  treatment o f  microwave effects on ! 
rad io  frequency in te r fe rence  and a i  r t ranspor ta t ion.  Conceptual 1 y, both these 
problems can be mapped and encoded. The key p re requ is i tes  are b e t t e r  in format ion / 
about the po ten t i a l  impacts of the SPS microwave transmissions and fu r ther  data 
search. 
Clear ly,  one f u r t h e r  extension o f  the Rice analys is  which might be f r u i t f u l  would 
be t o  exercise the  a1 t e rna t i ve  permutations more systemat ica l ly .  I n  the example 
selected by Rice, each var iab le  was added t o  the preceding var iab les i n  m s t  
cases. This masks, t o  some degree, the i so la tab le  incremental impact o f  each 
var iab le  which might be o f  some value. Obviously, the number o f  permutations i s  
too l a rge  t o  consider exi laust ively.  Nevertheless, even the l i m i t e d  data ava i lab l l  
provides ind ica t ions  o f  which ones should be examined more c lose ly ,  e.g. nat ional  
forests ,  land i n  c u l t i v a t i o n ,  and the c l imato log ica l  var iab les.  
3.  In tegra te  and Compare Findings o f  Ar thur  D. L i t t l e  Study 
Even though the study of e l i g i b l e  areas i n  the  Rice analys is  i s  not  covplete, i t  
does provide a usefu l  basis f o r  comparison w i t h  the f ind ings  of  the ongoing A. D. 
L i t t l e ,  Inc. s i t i n g  study. The extent t o  which the conclusions t o  be drawn from 
these studies re i n fo r ce  each o ther  i s  i t s e l f  a mat ter  o f  considerable importance 
t o  fu ture s i t i n g  research. S im i la r l y ,  a super imposi t ion o f  the s i t e s  selected 
i n  the  A. D. L i t t l e  study over the var ious exc lus ion areas def ined i n  the Rice 
study should prove of considerable value. 
4. Resolve Spec i f i c  C r i t e r i a  Issues 
Some of the questions regarding s p e c i f i c  c r i t e r i a  may become moot as a r e s u l t  o f  
the  Rice study. I f  a var iab le  has l i t t l e  e f f e c t  on the a v a i l a b i l i t y  o f  s i tes ,  
a d d i t i o n a l  refinement e f f o r t  i s  n o t  j u s t i f i e d .  Many issues w i l l  remain, i nc l u -  
ding a t  l e a s t  some o f  the c l ima to log i ca l  issues, e.g., wind, thunderstorms, e tc .  
Another round o f  evaluation without some parameters t o  a t tach  t o  these and other 
unresol ved c r i t e r i a  w i  11 be i nev i tab l y  wasteful. 
5. Specify Level o f  In teqra t ion  o f  Further S i t i n g  Studies With Other 
Eva1 uat ion Efforts 
This step i s  p a r t i c u l a r l y  important w i th  regard t o  fu r the r  studies i n  the area 
o f  u t i l i t y  in tegra t ion  and s t a t e  and l oca l  regulat ion. Lccat ional factors and 
s i t i n g  c r i t e r i a  are i n t r i n s i c  t o  a l l  three evaluat ion e f f o r t s  and much data 
co l l ec t i on  overlaps. R e l i a b i l i t y  and reg iona l iza t ion  are both key issues which 
may exer t  a  profound effect on s i t i n g .  The r e l i a b i l i t y  issue i n  pa r t i cu la r  may 
be a "showstopper" if the SPS i s  e x p l i c i t l y  subject t o  s ingle-point  fa i lu re .  
While both s i t i n g  and s ta te  and loca l  regulat ion e f f o r t s  must be concerned w i th  
th i s ,  any resolut ion must come from the i n te rac t i on  o f  the u t i l i t y  in tegra t ion  
e f f o r t  w i t h  NASA design. 
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REVIEW OF SELECTED MATERIALS 
Presented below, i n  alphabetical order, i s  a b r i e f  discussion o f  some of the 
problems encountered w i th  some o f  the spec i f i c  mater ia ls .  I n  the i n te res t  of 
brev i ty ,  the body o f  the t e x t  d i d  not  present f u l l y  the process by which pro- 
duct ion and capacity estimates were derived and some aspects o f  the d e f i n i t i o n a l  
problems. On the other hand, t h i s  information i s  c l e a r l y  re levant  i f  the pre- 
1 iminary c l a s s i f i c a t i o n  scheme i s  t o  be understood and appreciated. Consequently, 
b r i e f  discussion o f  t h i s  type are presented below f o r  selected types o f  mater- 
i a l s .  
A1 uminum and Bauxite 
A la rge  proport ion o f  the bauxite ore i s  imported. blajor sources are Jamaica 
and Austra l ia  which are considered re1 iab le .  (References 5, 9, and 21. ) 
Arseni c 
The arsenic required f o r  so la r  c e l l  purptxes would be a high p u r i t y  grade. 
Domestic production capacity shown i n  the tab le  i s  bas i ca l l y  t h a t  o f  a by-prod- 
uc t  i n  the smelting and r e f i n i n g  o f  ores f o r  other  metals, i n  which arsenic 
would be considered an impuri ty.  Data i s  not ava i lab le  f o r  the capaci t ies o r  
production of high p u r i t y  arsenic. Because o f  the 1 imi ted number o f  products 
i n  the United States, production data are withheld i n  order t o  p ro tec t  company 
conf ident ia l  i ty .  A1 so, environmental pressure groups are cont r ibu t ing  t o  some 
r e s t r i c t i o n  o f  the expansion o f  capacity. A recent ly  published research study 
pro jects high p u r i t y  arsenic production i n  the year 2000 t o  be 23 metr ic  tons. 
(References 10 and 22. ) 
Gal 1 ium 
Gal 1 ium production resul t s  e n t i  r e l y  as a by-product o f  the processing o f  other 
metals, p a r t i c u l a r l y  aluminum and zinc. It i s  found i n  minute proport ions i n  
bauxite and z i m  ores. I t s  recovery r a t i o  from bauxite may range from 0.002 
t o  0.004 percent. Thus, based on known bauxite reserves i n  the U.S. , a t o t a l  
o f  2,000 metr ic  tons may be obtained from them. The Bureauof Mines a lso e s t i -  
mates tha t  known U.S. zinc resources may contain an additonal 700 met r ic  tons. 
World reserves o f  both are estimated t o  contain approximately 112,000 met r ic  
tons. System requirements over a 30-year period f o r  the SPS program i n  i t s  
present concept would requi re 65,580 metr ic  tons o r  59% of a1 1 present ly known 
world reserves. 
Actual production data i s  not  avai lable. There are only  two producers i n  the  
United States and probably about 10 more scattered throughout the non-comnunist 
world. Total w r l d  production i n  1974 i s  estimated t o  have been about 15 met r ic  
tons. U.S. supplies have been augmented by imports from Canadian and Swiss 
sources who are reported t o  have produced approximately 10 met r ic  tons i n  1973. 
U.S. consumption of the metal during the four-year period 1972-1976 i s  estimated 
t o  have grown a t  an average annual r a t e  of about 12.04 percent. The r e s t  o f  
the world i s  estimated t o  have used about 5.5 tons i n  1973 and i f  i t s  consumption 
r a t e  grew a t  a comparable r a t e  u n t i l  1976, t o t a l  world consumption i n  t h a t  year 
i s  estimated t o  have been about 15.75 tons. 
Gallium i s  used l a rge l y  i n  the  instrumentation industry  as a superconductor. 
Other users are i n  the dental industry  as a subs t i tu te  for  mercury and as m i r ro r  
coating i n  the op t i ca l  industry.  These uses f o r  gal l ium are expected t o  con- 
t inue. I n  a forecast prepared i n  1974 by the Bureau o f  Mines, world demand was 
estimated for the year 2000 a t  a probable 1 evel o f  47 metr ic  tons per year and 
high level  of 63 metr ic  tons. Comparable U.S. devand was forecast t o  be 32 
metr ic  tons and 43 metr ic  tons. Obviously, SPS requirements would be addi t ional .  
Supply problems could be exacerbated if re f in ing  processes a, e developed t o  
permit economic use o f  kao l in  as a subs t i tu te  for  bauxite i n  aluminum production. 
Then the bulk  mater ial  f o r  gal l ium pro juc t ion  would decl ine i n  a v a i l a b i l i t y .  
(References 9, 10, 22, and 23). 
The glass manufacturing industry  i n  the United States i s  qu i te  imnense and 
probably has no pa r t i cu la r  shortages o f  domestic source mater ia ls  f o r  any type 
o f  glass. However, the type o f  glass planned f o r  t h i s  app l ica t ion  i s  b o r o s i l i -  
cate glass o f  high pur i ty .  Current leve ls  of production f o r  t h i s  product have 
not been i den t i f i ed .  Avai lable production pro jects f o r  the year 2000 for t h i s  
product i s  29,000 metr ic tons per year. SPS needs w i  11 f a r  exceed tha t  1 evel . 
Therefore added capacity t o  produce boros i l  i c a t e  glass w i l l  be needed. It i s  
expected tha t  there w i l l  be no shortage o f  raw o r  bulk mater ials.  (Reference 10.) 
Graphite and Graphite Epoxy 
I 
Graphite epoxy estimated t o  be approximately ' 5  percent graphite plus epoxy 
res in  as a binding compound. Personal interviews w i th  space sc ien t i s t s  ind ica te  
tha t  the graphite i n  graphite epoxy i s  a synthet ic mater ial  produced from rayon 
f ibers  rather  than natura l  graphite. Those f i be rs  are baked. The process also 
permits them t o  a1 ign  i n  the same d i rec t ion .  The synthet ic f i b e r  may permit 
be t te r  contro l  o f  g ra in  regu la r i t y  than would a natura l  graphite f iber .  Data 
are not avai lab le on i t s  manufacture. The technology i s  r e l a t i v e l y  new. It may 
be assumed, however, t ha t  there would be no shortages o f  t h i s  basic fo res t  
product f i be r .  If, however, natural  graphite f i b e r s  are intended f o r  use i n  
the SPS, the s i t ua t i on  would be qu i te  d i f f e r e n t .  Domestic resources o f  graphite 
are reported as " i ns ign i f i can t "  by the Bureau of Mines' graphite specid1 i s t s .  
I n  1977 the United States imported a t o t a l  of 79,400 metr ic  tons o f  graphite 
from a l l  sources. O f  t h i s  t o t a l ,  54,900 metr ic  tons o f  amorphous graphite o r i g -  
inated i n  Mexico; approximately 4,000 metr ic  tons o f  c r y s t a l l i n e  f l ake  was from 
Malagasy; and 2,168 metr ic  tons o f  a r t i f i c i a l  graphite came from Japan. I f  
f ibers from those products are su i tab le  f o r  SPS st ructures '  design, i n  par- 
t i c u l a r ,  the Mexican product, adequate fu tu re  supply i s  not expected t o  be 
jeopardized. Known resources are described as "very la rge  t o  huge" and su f f i c i enG 
for  SPS leve ls  o f  incremental demand f o r  more than 30 years. (References 7, 10, 
and 12.) 
Hydrogen 
There are only  four  p lants i n  the United States which cu r ren t l y  produce hydro- 
gen. Those operate a t  approximately 66.7 percent load factor. Also, there are 
other f a c i l  i t i e s ,  now out  o f  operation, which could be restored t o  production 
w i th  minimal refurbishing. It would probably need about f i v e  years o f  lead time 
t o  expand indus t r i a l  capacity t o  the l eve l s  o f  demand indicated by incremental 
purchases f o r  SPS needs. That i s  not  a problem and the added f a c i l  i t i e s  would 
be able t o  operate a t  subs tant ia l l y  higher l eve l s  o f  e f f i c iency .  The only  
problem may be reduced supplies of natura l  gas (metharte) as a raw mater ia l .  
Given the methane, hydrogen supply i s  no t  a problem. (References 2 and 25.) 
Mercury 
The United States, f o r  many years, has been a substant ial  net  importer of 
mercury. I n  1977 imports represented 48.4 percent o f  t o t a l  supply. I n  19; 
imports were as high as 96.8 percent o f  t o t a l  supply notwithstanding the f a c t  
tha t  average r- ices for the metal were more than twice as high i n  the ea r l  i e r  
year. The r e ~ e n t  reduction i n  net  imports may possibly be explained by the 
opening o f  a new deposit i n  Nevada. This deposit claims reserves amounting t o  
89 percent o f  t o t a l  known U. S. reserves (1 5,525 met r ic  tons i n  1974). T ~ t a l  
U.S. consumption of mercury during the 10-year period (1968-1977) wa, 2 : ,034 
metr ic  tons o r  35.5 percent greater than known 1974 reservzs. Thus, a t  recent 
average annu' : consumption levels, t o t a l  domestic reserves might s a t i s f y  s l  i g h t l  y 
more than seven years' consumption leve l  s , not inc luding SPS needs. Domestic 
resources are only  twice the known reserves. Other known North America3 
resert!es and resources sn 1974 amounted t o  12,765 metr ic  tons and 37,950 metr ic  
tons respect ively.  I n  the past, Canada has been a prime import source f o r  
mercury. This country reduced shipments i n  1976 t o  less than 9 percent o f  
imports. Other exporting countries also reduced shipments because o f  dec l in ing  
pr ices during the past two years. Other import sources i n  1976 were A1 ger ia (18 percent), Spain and Yugoslavia (12 percent each), and the People's Republ i c  
o f  China (10 percent). Spain continues t o  hold the la rges t  share o f  world 
reserves w i th  68,900 metr ic tons o r  38 percent o f  a l l  reserves. (References 5, 
6, 22, and 23.) 
Oxygen 
Raw material  source i s  unl imi ted i n  the atmosphere. Industry, now operat ing 
subs tant ia l l y  below capacity. I f  addi t ional  capacity i s  needed, t h i s  should 
not pose any problem beyond the lead time for construction. 
S i l  icon, Metal 1 urg ica l  and High P u r i t y  Grades 
The materials needed t o  produce s i  1 icon are abundantly avai l abl e. Any problems 
which might occur w i l l  more l i k e l y  ,-esul t from the high p u r i t y  content requi re-  
ment. The production f igures i n  Exhi b l  t 1-2 represent metal 1 u rg ica l  grade 
s i l i c o n  re f ined i n  1977. I n  addi t ion t o  tha t ,  about 800,000 tons o f  f e r r o s i l i c o n  
was produced, Fer ros i l  icon requires some added re f i n ing  t o  be converted t o  
metallurgical grade. High ~ u r i  t y  s i  1 icon (electronic grade) needs even more 
processing. Current solar c e l l  qua l i ty  s i l i con  i s  not as pure as that  needed 
for integrated circuitsswhich sometimes use rejected electronic-grade product. 
1977 production of high pur i ty  s i l i con  was 800 metri: tons. Capacity f o r  t h i s  
grade i s  approximately 1,2!X tw t r i c  tons per year, and current supply i s  exces- 
sive. The process i s  both capi ta l  and energy intensive. Bringing a new plant 
on-stream takes about three years. Given su f f i c ien t  lead time added high 
pur i ty  production w i l l  not be a problem from the materials ava i lah i l  i t y  view- 
point. Also, exploration i s  now being in tens i f ied for higher pur i t y  ores which 
ww~ld require less re f in ing . Capacity t o  produce metal lurcjical grade s i l  icon 
i s  expcted t o  increase t o  about 200,000 metric tons per year by the year 2000. 
This represents a capacity increase of about 80 percent over ex is t ing levels. 
(References 10, 18, and 21 . ) 
S i  1 ver 
The data f o r  domestic production capacity i s  that  for U.S. mines i n  1974. This 
may have been expanded as a resu l t  of s i l ve r  conmodity pr ice increases from 
$3.00-$4.00 per ounce t o  recent prices o f  $5.00-$6.00. Refinery capacity i n  the 
United States i n  lo74 was 3,266 metric tons and was expected t o  increase t o  
4,977 metric tons by 1980. Additional supplies o f  domestic s i l ve r  may also be 
price sensitive and probably exists i n  unknown substantial quanti t ies i n  p r i -  
vately owned hoards and collections. World production o f  s i l ve r  i n  1976 was 
9,481 metric tons, which i s  only about three times annual demand i n  the gall ium 
option (3,112 xe t r i c  tons). 
The 30-year proposed program would consume approximately ha l f  of the known U.S. 
mine resources i s  1974 and twice t h  known reserves. U.S. reserves and 
rc;ources are estimated t o  be about 25 percent of world supplies. 
Tef 1 on 
Teflon i s  a proprietary synthetic res in  product and probably i s  manufactured t o  
volunes large enough t o  sat is fy  currently anticipated da..ands. Raw material 
contents such as coal, fluorspar, natural gas, sal t ,  sulphur, and 1 imestone are 
abundantly cvailable. As demand f o r  t h i s  product becomes con f ined  i t  should 
be qui te feasible f o r  industry t o  expand i t s  production capacity i n  order t o  
satisfy SPS incremental needs. (References 9 and 10.) 
Tungsten 
The United States consumed nearly two and one-ha I f times i t s  domestic production 
of tungsten concentrates i n  1977. Imports, hnwever, were only about the same 
as production (3,lO. metric tons). Differences between consumption and net 
imports plus production were made up by releases . rom the Federal stockpile, 
now i n  the process o f  reduction. I f  not f o r  t h i s  process o f  stockpi le release, 
import requirements might have amounted t o  4,580 metric tons. This would have 
equ5lled 5.76 percent o f  world production outside the U.S. (79,500 metric tons). 
Nearly ha1 f o f  that  production occurred i n  three comnunist-ruled countries : 
USSR 16,326 M.T. (est.) 
China 17,959 
North Korea 2 4 299 
Total 38,584 M.T. 
I Major sources o f  imported concentrate i n  1976 were: Canada, 22%; Peru, 18%; 1 
I Bolivia,12%;Thailand, 10%;Portugal,9%;Mexico,9%;China,13%;SouthKorea, j 5%; and Australia, 4%. 
Using 1975 as a base year, the l a s t  year f o r  which production data f o r  a l l  
countries i s  available, t o ta l  f o r  a l l  countries,excluding the three comnunist 
i 
i 
1 
i 
countries and the United Stater,was ( i n  equivalent terms-to values published a t  1 
60 percent U03 metal content) 37,921 metric tons. The production to ta ls  f o r  ! 
1975 f o r  those countries from which the U.S. had imported (not including China) I 
were 23,656 metric tons. The 1977 production d e f i c i t  i n  the United States i 
amounted t o  12.1 percent (4,580:37,921) and 19.4 percent (4,580:23,6,6), respect- / 
ively. If incremental quanti t ies required by the SPS (1,220 metric tons) are ! 
included, those ra t ios  would be increased t o  15.3 percent and 24.5 percent o f  
the t o ta l  production from our current non-comnist  trading partners. 
Thus, i t  i s  conceivable tha t  unless new resources are iden t i f i ed  i n  stable and 
re1 iable supply countries, a real potential problem may be encountered. 
(References 5, 6, 16, 20, 21, 22, and 23.) 
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